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ABSTRACT 
Drought is a recurrent climate hazard and it can occur in all types of climates. In this study, 
recurrence of drought over South Asia has been studied by analyzing observed as well as 
modeled outputs of meteorological data. The 20th century precipitation has been analyzed over 
Asia region highlighting the inter-dependence of southwest monsoon and East Asia monsoon 
focusing on precipitation characteristics over South Asia. Tele-connections of rainfall over south 
Asia with oceanic indices and the impact on the shifting of the sub-tropical jet have been 
explored. The study also examined seasonal variability during the 1999-2001 drought periods 
from the normal years to identify the causes of drought over South Asia. The region receives 
most of its precipitation (70%) during southwest monsoon season that prevails from June to 
September. Monsoon season exhibits higher variability compared to winter season as depicted 
during the analysis of 1901-2010 dataset. Decadal average monsoon rainfall analysis depicts 
significant (99 %) increasing trend during 1st half of twentieth century (1901-1950). Afterward, 
significant decreasing trends (95%) are found in the data sets of 1951-2010 and 1981-2010 for 
South Asia. Winter rainfall is only one eighth of monsoon rainfall. Therefore, the major 
contribution in terms of water availability comes from southwest monsoon. Hence, failure of 
monsoon rainfall over the region would lead to drought conditions over South Asia. The analysis 
of country level precipitation depicts that except for Pakistan, precipitation is exhibiting 
decreasing trend over Sri Lanka, India and Nepal. However the change is not statistically 
significant. The correlation between monsoon rainfall and solar index is also examined that 
depicts that seasonal abnormality increases during steady periods of solar activity and vice versa. 
Singular Value Decomposition (SVD) analysis is applied to depict that monsoon rainfall over 
drought vulnerable areas of west South Asia is highly correlated with rainfall activity over 
monsoon trough located at central India whereas rainfall over eastern Himalaya region is 
negatively correlated.  
 
Significant phases of oceanic indices such as Indian Ocean Dipole (IOD), Pacific Decadal 
Oscillation (PDO) and Southern Oscillation Index (SOI) have also been identified by computing 
standard deviation of seasonally averaged index values and investigated their impact on South 
Asia monsoon rainfall. Analysis depicts that during the past 60 years, frequency of negative 
x 
 
episodes (< -1 St dev.) of PDO and SOI have significantly increased. Observed negative phases 
are twice as compared to positive phases since 1950. Whenever, the two indices are in opposite 
phase (1997, 2010), it resulted in extreme precipitation episodes over northwest domain of South 
Asia comprising northern India and Pakistan causing severe flooding over the region. Analysis 
reveals that IOD significantly contributes in regulating rainfall activity over South Asia. When 
IOD negative phase persists for longer duration and continue into next year, it weakens monsoon 
currents resulting suppressed rainfall activity over western India and most parts of Pakistan 
leading to drought. Analysis of the impact of various indices on case to case basis depicts that 
negative phase of SOI and positive phase of IOD significantly contribute in suppressing 
monsoon rainfall activity over South Asia that lead to drought events in the region. 
 
The analysis of area-weighted mean seasonal and annual rainfall for southern arid region of 
Pakistan has revealed that lower terciles are increasing with time.  The seasonal area weighted 
average rainfall for this region is 58.6 mm, whereas the standard deviation is 30 mm, depicting 
that monsoon rainfall variability in the region is high.  The annual and seasonal rainfall in the 
region has shown negative trend with increased frequency of lower terciles, making the region 
highly vulnerable to droughts. The hindcasts of coupled models under the EUROSIP project 
have been analyzed to develop drought prediction tool for the arid regions of Pakistan. The 
multi-model ensembles have been investigated for the prediction of two categories; below the 
median and lower-tercile (dry-season). The forecasts performance have been evaluated by 
employing Relative Operating Curve (ROC) verification method and areas under the curve are 
also verified through cross validation. The results for deficient monsoon rainfall predictability 
using the EUROSIP multi-model ensemble system have established that the system reveals good 
skill for lower-tercile forecasts over southern Pakistan (skill > 0.7). Therefore it is concluded that 
climate models of European Centre for Medium Range Forecast (ECMWF), Météo-France, and 
United Kingdom Meteorological Office (UKMO) are sensitive enough towards precipitation 
formation mechanism over monsoon region and able to predict dry episodes of the climate over 
drought prone areas of Pakistan.  
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Introduction 
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1.1 Background 
Precipitation is one of the most solvent resource and critical ingredient for all forms of 
life on earth. It also plays a key role in the energy transport for the earth which is one of 
the primary sources of variability in climate. Drought is a creeping hazard which is 
caused by the interplay between societal demand placed on water supply and the natural 
climate variability. Droughts often hit Southern parts of Pakistan, bringing significant 
economic losses and adverse societal consequences. The need for proper monitoring and 
reporting of drought development and quantification of drought impacts is of critical 
importance for the mitigation of drought hazard. 
Drought is defined as a period of significantly dry weather conditions that persist long 
enough to cause a serious hydro-meteorological imbalance. Drought conditions lead to 
inadequate water availability for daily needs. The intensity of drought event depends 
mainly on the duration of the event, degree of moisture deficiency and the spread of the 
affected region. Numerous human activities, especially agriculture, depend on having just 
the right water balance. Drought can be one of the extreme damaging natural hazards to 
impact human societies and ecosystems. It is closely related with the climate behavior 
and its recurrence is beyond human control. There is probably no single region in the 
world where drought has not affected people livelihood at one time or the other. There 
are many different types of losses resulting from droughts including those associated with 
agriculture, vegetation cover, health and water supplies. Communities need to focus more 
on droughts due to its larger special and temporal scales than those for floods, resulting in 
higher socio-economic costs than any other natural hazard. 
The present study focuses on south Asian countries comprising Sri Lanka, Pakistan, 
Nepal, Maldives, India, Bhutan, Bangladesh and north Indian Ocean. The region mainly 
consists of four climate zones. The region has a dry continental, subtropical climate. The 
most important climate feature is the southwest monsoon, which lasts for four months, 
from June to September. In this period of southwest monsoon, precipitation is one order 
of the magnitude more than during the rest of the year (Cislaghi, et al. 2005). 
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Since mid 1970s, the droughts have substantially increased globally (Dai et al. 2004). The 
main factors involved are a decreasing trend in precipitation mainly in the tropics and 
subtropics, global warming, moisture demand (usage) in the atmosphere and land use 
changes. Severe droughts have been recorded across southern Asia, most parts of Africa 
the south-western United States, and the Mediterranean region in recent decades (Dash et 
al. 2007; Hoerling et al. 2003). Consequently, there is a dire need to study the 
atmospheric mechanisms leading to droughts for issuing timely alerts to risk managers 
and vulnerable communities so that negative impacts of droughts may be mitigated in 
proactive manner. This study is aimed to address this problem by investigating leading 
modes of atmospheric circulation causing drought and subsequently developing linkages 
to human and livestock density for highlighting impacts of droughts. 
1.2 Rationale and hypothesis for the Study 
The aim of this study is to identify the meteorological conditions that lead to recurrent 
droughts in the region by diagnosing climate sensitivity using climate models outputs, 
tele-connections of rainfall in the region with climate patterns and comparison of 
precipitation predicted by different dynamic Global Climate Models (GCMs) with 
observations. The study reveals the verification results of ensemble prediction of three 
coupled dynamic climate models of ECMWF, Meteo France and UKMO depicting the 
drought predictability over arid regions of Pakistan. In addition this study will also 
provide in insight to characteristics of 20th century monsoon precipitation for Asia and its 
linkages to meteorological drought over South Asia region based on statistical 
techniques. 
The hypothesis of the study, therefore, is that the region under study is vulnerable to 
drought hazard and the meteorological data and numerical seasonal prediction models 
outputs can meaningfully be applied for timely early warnings for this natural hazard. 
1.3 Aims and Objectives 
The focus of this study is to develop methods that exploit geospatial datasets for drought 
monitoring and assessment on near real-time basis. In order to assess the drought 
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emergence and its intensity like mild, moderate, severe or extreme drought, multi-sectoral 
datasets have been taken so that the findings when broadly interpreted in the context of 
drought, may serve as useful generalization. The main objectives are to: 
  To investigate meteorological conditions that lead to the intensification of 
drought over arid regions of Pakistan, so that this research may be used by the 
national related agencies for timely early warnings and mitigation activities. 
 Study the escalation of drought intensity, spatial coverage and its relationship 
with geospatial datasets that will be integrated with drought monitoring and 
assessment tools. 
 Study the linkages of various climate indices that cause significant rainfall deficit 
in the region leading to droughts. 
 Verify climate model simulated rainfall with observations to diagnose whether 
models can simulate droughts of similar magnitude and severity as observed, to 
develop a prediction mechanism for drought episodes. 
1.4 Drought 
Universally, there is no accepted and agreed definition of drought because drought 
phenomena are often triggered from a number of complex factors interacting within the 
environment. Drought phenomenon is not absolute but relative to uses and expectation. It 
is a creeping hazard; neither has a well-defined start nor an end. Drought may occur in 
both dry and rainy areas and is defined relative to the long-term or average water balance 
of water budget within a particular area. Average precipitation alone does not provide an 
adequate measure of precipitation characteristics in a given region, especially in drier 
areas (Wilhite et al. 1985) because the average value can be significantly affected by a 
few outliers. Since drought is a "creeping hazard", predicting its onset or termination is 
very difficult. However, researchers agree that drought seems to start when expected 
precipitation is either delayed or dry conditions dominate. Drought is regarded as a 
situation when there is a lack of sufficient water to meet requirements of various sectors 
of society. It mainly depends upon the agriculture practices, livestock and human 
population density (Gibbs, 1975). 
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Droughts are broadly classified into six types (Subrahamanyam, 1967); meteorological, 
hydrological, climatological, atmospheric, agricultural, and water management droughts; 
while Gibbs (1975) also included socio-economic drought. The meteorological, 
agricultural, hydrological and socio-economic droughts are the most frequently used 
disciplines. Various disciplines of droughts are classified by the amount of dryness and 
duration of the dry periods. Changes in atmospheric conditions may lead to precipitation 
deficiencies. The meteorological drought is generally defined as a period (usually months 
or years) during which the actual moisture supply at a particular locality significantly 
falls below the climatically appropriate moisture supply to satisfy the needs of different 
sectors of society. 
The agricultural drought occurs when soil moisture conditions consistently deplete due to 
dry conditions and become inadequate to meet the needs of a specific crop at a particular 
time. Agricultural drought has usually adverse impacts on various agricultural processes 
and livestock. The hydrological drought causes deficiencies on surface and subsurface 
water supplies and its intensity is measured in terms of decreased stream flow, snow 
accumulation and level of available water resource in reservoirs and groundwater. There 
is usually a time lag between the lack of precipitation and the measurable water deficit in 
lakes, reservoirs and rivers, hence making the hydrological measurements a good severity 
indicator for drought. The socio-economic drought occurs when the water shortages start 
affecting human health, well-being and the quality of life. The socio-economic drought 
may also affect the supply and demand of an economic product. The causes and temporal 
impacts of drought are sketched in Figure 1.1. 
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Figure 1.1 Causes and Temporal impacts of drought. 
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1.5 Physical identification of drought 
Drought onset is linked to deficit in the precipitation and the atmospheric dryness can be 
felt in the throat. Due to dryness, thin dust covers the land and it becomes barren. As the 
drought intensifies, cracks appear on the crest indicating severity of drought. When the 
creeping drought further intensifies, water scarcity threatens the existence of life. 
Drought is a complex natural phenomenon and caused by the interplay between societal 
demand placed on water supply and the natural atmospheric events. Due to slow onset, 
impacts of drought may accumulate over time and may remain for several years. 
Droughts are especially a more serious hazard because they normally develop gradually, 
meaning that their potential to cause harm is often ignored, and can last many years. 
Worldwide, droughts are responsible for millions of deaths and billions of dollars of 
economic losses. The history worst drought in south Asia (1999–2001) affected more 
than 20 million people (Hoerling and Kumar, 2003) with severe impacts felt in Sindh and 
Balochistan provinces of Pakistan (Adnan et al., 2009). Political instability and economic 
isolation have further exacerbated the effects of droughts. 
1.6 Natural and Social Dimensions of Drought in South Asia  
Droughts are common in South Asia and every year, different parts of the region are 
affected by droughts of varying severity and extent (Rathore, 2005). The most severe 
drought from the past several decades was the drought of (1999-2001). The severe 
precipitation deficit in the entire region characterized 1999-2001 periods as extreme 
drought and it had widespread social and economic implications in the entire region. The 
adverse affects of this drought were widespread throughout regional level to agriculture, 
livestock, water resources and public health (Agarwal et al. 2001). Many crops were 
damaged due to lack of precipitation, strong winds accompanying dust storms, high 
daytime temperatures as well as pest attack (Hoerling et al. 2003).  
 
Western areas of Pakistan lie beyond the usual reach of the southwest monsoon and 
receive most of its annual precipitation during winter (Martyn, 1992). This precipitation 
is associated with eastward-propagating mid-latitude cyclones, called western 
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disturbances. Topography of the region is uneven with plains in the south and east where 
as mountain ranges in north and northwest (Figure. 1.2). 
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Figure 1.2 Map depicting the Topography of the Study area generated using 
Digital Elevation Model (DEM) data at 90 m/pixel spatial resolution. 
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1.7 Methodology 
The study uses instrumental data as well as global climate models simulations. The work 
was initiated by studying regional events of droughts in model simulations. The 
precursors and causes of the events in the model simulations were identified. Then, 
observation data was used to identify evidence for similar mechanisms of past drought 
occurrences.  The climate model simulations are verified with observations to diagnose 
whether models can simulate drought of similar magnitude and severity as observed, to 
develop a prediction mechanism for drought episodes. This research covers multi 
dimensions of drought hazard. The analysis covers four different datasets and 
methodologies. 
1.7.1 Precipitation Pattern over the Region and impact of Climate Change 
To investigate the precipitation patterns over the Asia region and impacts of 
climate change, the following data and methodology have been adopted; 
 Global Precipitation Climatological Centre (GPCC) version 6 monthly 
data with resolution 0.5x0.5 (lat x lon). 
 Precipitation data for the period of 1901-2010. Area weighted data has 
been computed by using masking technique based on political boundaries 
of country as well as provinces. In addition area weighted precipitation 
data has been computed for desired domain. Average area weighted 
precipitation of different period (thirty years) has been computed on 
monthly as well as yearly basis. The data is divided into three periods 
1971-2000, 1981-2010 and 2001-2010. Analysis for all these three periods 
has been carried out (spatial distributions as well as time series). 
 Winter and summer seasons have been framed on the basis of monthly 
area weighted rainfall of the country. Monsoon season is comprised of 
June-September period. Monthly average rainfall for the entire period as 
well as three sub-climate periods has been computed. Finally, seasonally 
averaged rainfall (summer as well as winter) has been computed and 
analyzed. 
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1.7.2 Tele-connections of climate indices 
To investigate the tele-connections of climate indices with south Asia drought, the 
following data and methodology is used; 
 Climate indices of Indian Ocean Dipole (IOD), Pacific Decadal 
Oscillation (PDO) and Southern Oscillation Index (SOI) have been studied 
in this investigation and extracted from Climate Prediction Center (CPC).  
 The large-scale circulation monthly data of sea level pressure (SLP), 
850hpa, 700hpa and 200hpa geo-potential heights (GHT) for 1951–2010 
periods is used in this analysis and extracted from the National Center for 
National Center for Atmospheric Research / Environmental Prediction 
Centre.  
 Gridded precipitation data of resolution of 0.5o x 0.5o has been used from 
Global Precipitation Climatology Centre (GPCC). Since precipitation 
during June to September contributes more than 70% of total annual 
rainfall over south Asia, therefore, only monsoon period (June to 
September) has been studied here for tele-connections with climate 
indices.  
 Seasonal average of indices for southwest monsoon season has been 
computed for individual years. Significant events were identified by 
computing Standard Deviation (SD) and delineating events out of plus 
minus one standard deviation. Significant events have been divided into 
two categories, positive and, negative years.  The list of significant years 
of positive (negative) phase means that index values of those individual 
years are evaluated as higher (lower) than remaining years. The 
characteristics of precipitation over south Asia are analyzed in terms of the 
Singular Value Decomposition (SVD) analysis. 
 
1.7.3 Drought Monitoring Mechanism through REDIM 
For drought monitoring using Regional Drought Identification Model (REDIM), 
the following data and method is adopted; 
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 Monthly rainfall data (1951-2010) of nine meteorological stations of 
Sindh region was extracted from the archives of Pakistan Meteorological 
Department.  The Regional Drought Identification Model (REDIM) was 
employed to identify drought episodes selecting threshold of 65% of 
area for regional drought event. 
 The Outgoing Longwave Radiation (OLR) data was extracted from 
Earth System Research Laboratory web portal. The monthly anomaly 
data was downloaded and area average for Sindh region was computed 
using GRADs software. The drought episodes were correlated with OLR 
data to investigate drought indices response to satellite derived product.  
 The basic data used to study drought characteristics for Tharparkar is the 
monthly rainfall for last 60 years 1951-2010. The station data was 
obtained from archive of the Climate Data Processing Center (CDPC), 
Pakistan Meteorological Department whereas two stations namely 
Nagarparkar and Islamkot data was downloaded from Global 
Precipitation Climatology Centre (0.5°x 0.5°). 
 The area of subdivisions of Sindh and Tharparkar region was computed 
using ArcGIS 9.1. 
 Drought characteristics were evaluated by employing REDIM model. The model 
computes the number of months and years for each drought episode and area 
under the drought conditions based on standardized precipitation index (SPI). The 
area threshold was used as 65% whereas SPI value of -1.0 was selected as 
threshold for drought declaration. Drought episodes were calculated with varying 
time scales of 1, 3, 6, 9 and 12 month for the entire period.  
 
1.7.4 Drought prediction mechanism for arid regions of Pakistan 
Drought prediction mechanism for arid regions of Pakistan was investigated 
through Relative Operating Curve (ROC) verification using multi-model 
ensemble technique and following data is used. 
 The observational data of monthly and seasonal rainfall of 21 stations of 
southern Pakistan for the period 1951-2010 was selected from the 
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extensive data set archived at the Climate Data Processing Centre 
(CDPC) of Pakistan Meteorological Department. 
 Tercile analysis was employed for the rainfall amounts of annual and 
monsoon season for the considered period,  middle and lower terciles for 
near normal and dry events in 60 years were computed and annual and 
seasonal rainfall are examined by scattered plots.  
 For the analysis of considered rainfall data, EXCEL, SPSS, Minitab, and 
Surfer software have been used in this study. Mann - Kendall Test 
(Mann, 1945; Kendall, 1975) has been employed for the analysis of data 
series. The Mann-Kendall test explains the significance of trend in the 
data series being used for analysis. For the prediction of monsoon season 
(Jun-Sep) rainfall, the hindcasts available at the website of European 
Centre for Medium Range Weather Forecast  (ECMWF) for three 
dynamic coupled climate models (IFS/HOPE, ARPEGE4p5/OPA and 
GloSea) have been used and validated against observational rainfall data 
of PMD.  
 Two categories; Below the Median and Lower Tercile were examined 
with a major focus on Lower Tercile category for the prediction of 
deficient seasonal rainfall (droughts). The seasonal forecast is verified 
by ROC skill score.  
 The hindcasts were extracted from the public data server of ‘Climate 
Explorer’ at Royal Netherland Meteorological Institute (KNMI),              
(http://climexp.knmi.nl).  
This study also evaluated simulations of precipitation patterns by using numerical 
climate prediction models results under European Association for Signal 
Processing (EUROSIP) project that compared with the observational and ERA40 
monthly precipitation data to evaluate predictability of models for droughts in 
southern Pakistan, so that the findings when broadly interpreted in the context of 
drought, may serve as a useful generalization. 
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Chapter 2 
Monsoon Rainfall Characteristics and Trends  
over South Asia 
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2.1 General  
The southwest monsoon is considered as one of the significantly influential phenomena 
of earth’s climate system. Lau and Yang (1997) argued that the Asian summer monsoon 
consists of three inter-dependent components: south-west Asia summer monsoon, south-
east Asia summer monsoon and the East Asia summer monsoon. More recently, Wang et 
al. (2005) argued that the Asian monsoon circulation is composed of two primary sub-
systems, the South Asia monsoon and the East Asia monsoon. Due to complex structure 
of the monsoon system over South Asia, spatial and temporal variability of monsoon 
rainfall is quite high and leads to natural hazards like floods and droughts. The variability 
of monsoon rainfall depends partly on the external surface boundary forcing and partly 
on its internal dynamics (Goswami, 1998; Kulkarni et al., 2006). This chapter presents 
the results of 20th century precipitation analysis over Asia region highlighting the inter-
dependence of southwest monsoon and the East Asia monsoon focusing on precipitation 
characteristics over South Asia.  
South Asia exhibits various patterns in landscapes and diversified relief. The sub-
continental north contains most of the highest peaks comprising the Himalayas, the 
Hindu Kush and the Karakorams. The rich irrigated plains of Indo-Ganges basin cover 
vast tracts of the central and southern region. Large deserts of Cholistan, Rajhistan and 
Thar, the inter-mountainous valleys and rugged plateaus in the west and in the north are 
some of the most varied features of the region landscape. Depending on the topography, 
thermal profile of the region exhibits extreme variations. The area is essentially semi arid 
to arid except for the mountainous tract in the north and mainly receives 250 to 350 mm 
as annual rainfall. The area has semi arid sub-Tropical climate. Significant factors 
influencing the climate of the area are: 
 The sub-tropical location of the area that tends to keep the temperatures of the 
region quite high, particularly in summer.  
 Westerly waves originating from the Atlantic Ocean with a recharge from 
Mediterranean Sea and entering Pakistan from the west-northwest that bring 
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rainfall in winter. These westerly waves bring polar maritime air mass and yield 
winter precipitation (snow & rain) over northern parts of South Asia. 
 The impact of oceanic winds from Arabian Sea and Bay of Bengal keeps the 
diurnal and seasonal temperature variations significantly less in coastal regions.   
 Higher altitudes that result in low ambient temperatures during the year. 
 Monsoonal winds that bring torrential rains in summer and the most important 
resource of water recharge in the region. 
The climate of the region is characterized as semi arid to arid and annual total rainfall 
ranges between less than 100 mm in western Balochistan and northeastern Sindh to more 
than 350 mm in eastern parts of India, Bangladesh, Sri Lanka and Himalayan states of 
Bhutan and Nepal, and the maxima are recorded along Western Ghats of India and 
Assam (Figure 2.1). Most of southern parts of Pakistan including Sindh and Balochistan 
exhibit hyper arid climate. In these areas, due to high temperatures, annual rainfall fails to 
satisfy 75% to 90% of evapo-transpiration needs of crops. Therefore, crop production is 
un-economical in these regions under rain-fed conditions.  
In the south of 30° N latitude, the plains exhibit arid climate and agricultural production 
is not feasible unless supplementary irrigation is made available (Azmat, 2006). 
However, world’s famous canal irrigation system exists for the irrigation of arid plains of 
sub-continent. At present, due to continuous increase in water demand in various sectors, 
the water available for irrigation purposes is also under stress and sufficient water supply 
is not possible to meet the crops and civic needs in the region. Therefore, there is a dire 
need to quantify and make effective use of available water resource through monsoon 
rainfall in the region. 
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Figure 2.2 Monthly climatology of precipitation for south Asia region during the 
period 1901-2010. 
Figure 2.1  Average seasonal (Jun-Sep) rainfall (mm/month) for the period 1901-2010 
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2.2 Data and methodology 
To investigate precipitation trends over South Asia, GPCC version 6 data with resolution 
0.5x0.5 (lat x long) on monthly basis for the period of 1901-2010 has been used. Area 
weighted data has been computed by using masking technique based on political 
boundaries of each country and the desired domains. Temporal analysis of GPCC rainfall 
data with observational data at point locations as well as at sub region basis depicted high 
correlation with a coefficient of 0.972 (Annex B). Therefore, it has been considered that 
gridded precipitation data published by GPCC can effectively be used for analysis. The 
entire dataset is divided into three periods 1971-2000, 1981-2010 and 2001-2010 and 
average area weighted precipitation for different periods (thirty years) has been computed 
on monthly, seasonal and annual time scale. Winter and summer seasons have been 
framed on the basis of monthly area weighted rainfall of the country. Relationship of 
solar activity with monsoon rainfall is investigated by computing correlation and 
percentage abnormal events. MAKESENS 1.0 is used to apply significance test on trend 
analysis. 
2.3 Results and discussion 
Spatial and temporal variability of the Southwest Monsoon (SWM) rainfall over the 
monsoon region of the Asian continent has been investigated using Global Precipitation 
Climatology Centre (GPCC) data for the period (1901-2010). The monsoon region is then 
divided into three areas: A) The central region including Bangladesh and Bhutan, B) the 
west area including Pakistan, India, Sri Lanka and Nepal, C) an east area including Laos, 
Thailand, Myanmar, Cambodia and Vietnam as depicted in Figure 2.3. The central region 
receives maximum rainfall during June to September which is considered as the 
monsoonal season in South Asia. Analysis indicates that monsoonal rainfall is closely 
associated with solar activity. The periods of steady trend of rainfall are associated with 
period of increasing trend in solar activity and vice versa. No significant impact of 
climate change is observed in the variation in quantity of monsoonal rainfall in the region 
as a whole. However, an increasing trend in the west area and a decreasing trend in the 
quantity of rainfall in the East area are well marked. A thirty year running average of 
rainfall depicted an increasing trend of rainfall in the western region. Analysis of the 
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spatial distribution indicates that monsoon rainfall has suppressed in the east area and 
enhanced in the west area depicting increased fresh water supply to South Asia region 
(Figure 2.4). The impact of climate change is evident at spatial and temporal scale. 
Western edge of monsoon is experiencing earlier start of the monsoon season with 
enhanced rainfall amounts (June) and early retreat from the western edge with decreased 
amounts in September. Significant variability of monsoon rainfall has been observed 
during early and late stages of the monsoon with much over western edge comprising 
Pakistan as compared with the east area. This variation corresponds well with the shifting 
of the jet stream over the region during monsoonal months. Temporal analysis depicts 
decreasing decadal trend in rainfall over study area as a whole (Figure 2.5). However, no 
significant change over western South Asia region is observed during 1901-2010 period.  
Winter rainfall is only one eighth of monsoon rainfall. Therefore, the major contribution 
in terms of water availability comes from southwest monsoon (Figure 2.2). As such 
failure of monsoon rainfall over the region would lead to drought conditions over South 
Asia. 
The analysis of country level precipitation depicts that except for Pakistan, precipitation 
is exhibiting decreasing trend over Sri Lanka, India and Nepal (Figure 2.11). However, 
the change is not statistically significant. On the other hand, monsoon precipitation over 
Pakistan is increasing with time. The variability of the summer monsoon over South Asia 
exhibits low-frequency component that alternates between epochs of above-normal and 
below-normal rainfall, each about three decades long (Figure 2.5, 2.6). Several studies 
have provided evidence for the inter-decadal variability in the southwest monsoon 
rainfall (Krishnamurthy and Goswami 2000; Kripalani et al. 2005).  
The time series of seasonal rainfall are plotted to investigate the changes and trends in the 
rainfall data. The main goal of the time series analysis is to identify the nature of 
monsoon rainfall over South Asia. The magnitude of variability in the observed data is 
determined by the trend line. A trend line is the slope of a line that has been least-squares 
fitted to the data series. A trend line is most reliable when its R-squared value is very 
close to 1 (Golberg and Cho, 2004; Weisberg, 2005).  
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Figure 2.3  Study area showing West wing, Central region and East wing. 
 
 
Figure 2.4 Temporal variation of rainfall over east and west wings during 
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Figure 2.5 Decadal variability and trend in rainfall for monsoon season for south Asia 
during 1901-2010 periods 
 
 
 
 
 
 
 
 
 
Figure 2.6 Temporal variability of Winter (JFM) and Monsoon (JJAS) precipitation 
over South Asia. 
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Statistical tests are necessary to interrogate the changes and trends in the data sets. Since 
rainfall data is highly skewed, parametric statistical tests are not suitable. Therefore, non-
parametric Mann-Kendall (MK) statistical test (Mann, 1945; Kendall, 1975) has been 
used to analyze the data time series. The Mann-Kendall test is used to detect any 
significant trend in the data. The Mann-Kendall non-parametric statistical test has 
frequently been used to assess the significance of trends in climate variables by various 
researchers. Yue et al. (2004) investigated the long-term trends in annual, seasonal and 
monthly temperatures by using the Mann-Kendall trend test in Japan. Cislaghi et al. 
(2005) analyzed long-term rainfall data to assess the rainfall trend by using Mann-
Kendall test, and detected significant increasing and decreasing trends for different 
regions. In this study, Mann-Kendall test has been applied to seasonal rainfall data to 
examine the characteristics and trends of monsoon rainfall in the study area. The Mann-
Kendall test was applied using MS-Excel template MAKESENS which is developed for 
detecting trends in the data series (Salmi et al., 2002). Results of monsoon rainfall 
analysis by MK test for the entire Asia region reveal that no significant trend is found in 
long term data of 110 years (1910-2010). However, Significant (90 %) increasing trend 
was found in the data of 1901-1950 and decreasing trend (but not significant) found in 
the data sets of 1951-2010 and 1981-2010. 
Results of 10 years average of monsoon rainfall analysis by MK test revealed no trend in 
long term data of 110 years (1910-2010). Significant (99 %) increasing trend is found in 
the data of 1901-1950 and significant decreasing trends (99% & 95%) found in the data 
sets of 1951-2010 and 1981-2010 (Table 2.5). 
Results of West wing average rainfall analysis by MK test reveal that no significant trend 
is found in the long term data of 110 years (1901-2010). An increasing trend (but not 
significant) found in the data of 1901-1950 whereas decreasing trend (but not significant) 
found in the data sets of 1951-2010 and 1981-2010 (Table 2.6). 
Analysis of decadal West wing average monsoon rainfall by MK test revealed no trend in 
long term data of 110 years (1910-2010). However, in the first half of century (1901-
1950), significant (99 %) increasing trend was found in the data. In later period, this trend 
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is found to be negative. The decreasing trend significant at 95% CL is found in the data 
sets of 1951-2010 and 1981-2010. 
 
Table 2.1 MK-Test results for southwest monsoon rainfall and 10 years average 
monsoon rainfall for whole Asia.  
Period 
 
No. of 
Years 
Monsoon 
Test Z 
Signific. 
 
10 Year Ave 
Test Z 
Signific. 
 
1901-2010 110 0 
 
0 
 1901-1950 50 1.924 90% 5.656 99% 
1951-2010 60 -0.568 No. Sig -4.496 99% 
1981-2010 30 -0.982 No. Sig -2.070 95% 
 
 
Table 2.2 MK-Test results for southwest monsoon rainfall and 10 years average 
monsoon rainfall for South Asia. Test Z values greater than +1.93 or less 
than -1.93 is significant at 95% CL 
Period 
 
No. of 
Years 
 
West Wing 
Test Z 
Signific. 
 
10 Year Ave 
Test Z 
Signific. 
 
1901-2010 110 0 
 
0 
 1901-1950 50 1.506 No. Sig 4.932 99% 
1951-2010 60 -0.223 No. Sig -1.984 95% 
1981-2010 30 -0.268 No. Sig -1.963 95% 
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The correlation between monsoon rainfall and solar index is presented in Figure 2.7a and 
2.7b. Standard deviation (SD) for rainfall departure was computed and percentage 
occurrence of abnormal events (out of ± 1 SD) was computed for 1901-2010 period. 
Analysis reveals that seasonal abnormality increases during steady periods of solar 
activity and vice versa. The most noticeable change has taken place after 1951 when the 
variability has sharply increased (Figure 2.7a). It is, therefore, concluded that there is 
more likelihood for the occurrence of drought events during the steady periods of solar 
activity. There are regions depicting good inverse correlation of solar activity with 
rainfall like Pakistan (-0.5), and Thailand (+0.5), although there are some regions of weak 
correlation in between (Figure 2.7b). Although this correlation depicts low-frequency 
variation, it is not strongly modulated because the overall correlation coefficient is not 
high.  
To investigate the variability of monsoon rainfall over different parts of study area, 
Singular Value Decomposition (SVD) analysis was performed. SVD is a statistical 
technique widely used to represent variance (eigenvectors) in the dataset in a more 
compact manner. First few eigenvectors jointly exhibit large variations and therefore 
capture most of the variability in the dataset. Other eigenvectors depicting small 
variability are truncated. The property of SVD to eliminate a large part of the data is a 
primary reason for its wide use. As compared to other signals extracting methods, it is 
relatively easy to implement and has a small systematic bias (Bretherton et al. 1992). The 
analysis of 1st and 2nd leading modes is presented in Figure 2.8a and 2.8b. Analysis 
depicts that monsoon rainfall over drought vulnerable areas of west South Asia (south 
Pakistan and adjoining India) is highly correlated with rainfall activity over monsoon 
trough located at central India. Moreover rainfall over Assam (eastern India), Bhutan and 
Bangladesh is negatively correlated with the intensity of monsoon trough over central 
India (Figure 2.8a). The 2nd leading mode also depicts that rainfall over arid region of 
Pakistan (Sindh) is closely correlated with rainfall activity over west-central India. 
However, rainfall along mountainous Myanmar coast is mainly controlled by topography 
and independent from characteristics of monsoon rainfall over South Asia.  
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Figure 2.7a Relationship of summer monsoon (JJAS) rainfall with solar activity. 
Seasonal rainfall abnormality is high during the periods of steady solar 
activity (1901-20, 1951-80).   
 
Figure 2.7b Relationship in summer monsoon (JJAS) rainfall between west and east 
wings during 1951-2010. Red circles depict inverse correlation between 
western edge and eastern edge with solar flux for one month lag.  
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Figure 2.8  SVD analysis for monsoon rainfall precipitation. a) First leading mode 
describing 23% variability indicating rainfall over south Pakistan is highly 
correlated with monsoon trough. b) 2nd leading mode describing 12% of 
variability supporting results of 1st mode.  
  
2.8 a 
2.8 b 
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Various researchers identified the role of topography as one of the controlling 
mechanisms of rainfall in the region. Anders et.al (2004) elaborated that rainfall from 
convective and mesoscale systems are closely connected with topography of the region 
(Barros and Lang, 2003; Barros et al. 2004; Hirose and Nakamura, 2002). The seasonal 
rainfall is mainly of convective nature, but varies in its characteristics in different parts of 
the region. Romatschke et al. (2010) and Houze et al. (2007) examined the characteristics 
of rainfall in the region using TRMM data. They concluded that western Himalaya region 
comprising Pakistan observes one of the most severe convection in the world, whereas 
enormous convection of stratiform precipitation occurs over Bay of Bengal and along the 
eastern Himalayan region of South Asia. 
Goswami and Xavier, (2005); Kar et al. (2006) and Sugi et al. (1997) elaborated that 
internal dynamics play significant role on the Indian monsoon precipitation variability 
and is comparable with the level of externally forced variability. Goswami (1998) 
examined the Geophysical Fluid Dynamics Laboratory (GFDL) model simulations and 
concluded that internal dynamics can contribute up to 50% of the total variability of 
southwest monsoon in the region. 
To investigate the inter-dependence of rainfall over drought prone areas with rainfall over 
monsoon trough, observed rainfall gridded data over central India was correlated with 
GPCC precipitation data for the region and is presented as Figure 2.9. Analysis depicts 
strong correlation (> 0.7) for arid regions indicating that factors controlling rainfall 
activity over central India also influence rainfall characteristics over drought prone areas 
of southern Pakistan and adjoining India. Figure 2.10 explains the rainfall variability 
during drought episodes over southern Pakistan. Composite anomaly depicts that rainfall 
variability over drought vulnerable areas is highly correlated with rainfall activity over 
central India. Therefore negative anomaly in monsoon rainfall over central India leads to 
drought over arid regions of Pakistan.  
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Figure 2.9  Correlation of observed rainfall over central India with GPCC rainfall over 
South Asia.  
 
Figure 2.10 Composite rainfall anomalies during drought years over south Asia. 
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2.4 Summary 
Variability of the monsoon rainfall over the monsoon region at spatial and temporal scale 
has been investigated using Global Precipitation Climatology Centre (GPCC) data for the 
period (1901-2010). Bangladesh and Bhutan receive maximum rainfall during June to 
September which is considered as the monsoonal season in South Asia. No significant 
impact of climate change is observed in the variation of quantity of monsoonal rainfall in 
the region as a whole. Results of monsoon rainfall analysis by MK test revealed 
significant (99%) increasing trend during the period 1901-1950 on decadal scale for 
entire region whereas significant decreasing trends (99% & 95%) is found in the data sets 
of 1951-2010 and 1981-2010.  
The impact of climate change is evident at spatial and temporal scale. Significant 
variability of monsoon rainfall has been observed during early and late stages of the 
monsoon season with much over western edge comprising Pakistan as compared to the 
east area. Decadal average monsoon rainfall analysis depicts significant (99 %) 
increasing trend during 1901-1950. Afterward, significant decreasing trends (95%) found 
in the data sets of 1951-2010 and 1981-2010 for South Asia. Winter rainfall is only one 
eighth of monsoon rainfall. Therefore, the major contribution in terms of water 
availability comes from southwest monsoon. Hence, failure of monsoon rainfall over the 
region would lead to drought conditions over South Asia 
The analysis of country level precipitation depicts that except for Pakistan, precipitation 
is exhibiting decreasing trend over Sri Lanka, India and Nepal. However the change is 
not statistically significant. The correlation between monsoon rainfall and solar index 
exhibits that seasonal abnormality increases during steady periods of solar activity and 
vice versa. The most noticeable change has taken place after 1951 when the variability 
has sharply increased. There are regions depicting good inverse correlation (-0.5), like 
Pakistan, and (0.5) Thailand, although there are some regions of weak correlation in 
between. Although this correlation depicts low frequency variation, it is not strongly 
modulated because the overall correlation coefficient is not statistically significant.  
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First mode of Singular Value Decomposition (SVD) analysis depicts that monsoon 
rainfall over drought vulnerable areas of west South Asia (south Pakistan and adjoining 
India) is highly correlated with rainfall activity over monsoon trough located at central 
India whereas rainfall over Assam (eastern India), Bhutan and Bangladesh is negatively 
correlated with the intensity of monsoon trough over central India. The 2nd leading mode 
also depicts that rainfall over arid region of Pakistan (Sindh) is closely correlated with 
rainfall activity over west-central India. However, rainfall along mountainous Myanmar 
is mainly controlled by topography and independent from characteristics of monsoon 
rainfall over South Asia. Correlation of observed rainfall over central India with GPCC 
rainfall over the region depicts strong correlation (> 0.7) for arid regions indicating that 
factors controlling rainfall activity over central India also influence rainfall characteristics 
over drought prone areas of Pakistan and adjoining India. Composite analysis of drought 
events precipitation anomaly also reveals similar results. Therefore, signals of negative 
anomaly in monsoon rainfall over central India can effectively be used for drought alerts 
over arid regions of west South Asia. 
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Chapter 3 
Drought in South Asia and Tele-connections  
with Climate Indices 
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3.1 General  
Over one billion people of South Asia are dependent on agriculture related livelihoods 
and predominantly poor. Since southwest monsoon rainfall is the major source of water 
availability in the region, its inter-annual variations exert profound impacts on various 
sectors of economy like agriculture and human lives. Their livelihoods are widely 
exposed to high levels of vulnerability to drought which always recur due to lack of 
precipitation. The large variability in rainfall distribution is caused due to the interactions 
among the land, atmosphere and oceans. Many factors affect the strength of the rainfall, 
including sea surface temperatures, land snow cover, soil moisture status, position of jet 
stream and variations in solar activity. Hastenrath (1998) noted that southwest monsoon 
has a far-reaching influence on remote regions as well. Trenberth et al. (1998) explained 
that the southwest monsoon has connections to other regions, like southern Indian Ocean 
and northern Africa. Krishnamurty and Goswami (2000) analyzed monsoon rainfall and 
noted that various ENSO parameters such as the JJAS Niño-3 index and SOI, exhibit co-
variability with the monsoon rainfall. The links between these factors and monsoons may 
wax and wane over time, leading to significant variability in rainfall over South Asia that 
may lead to drought; a creeping natural hazard with profound impacts on socio-economic 
settings. 
3.2 Role of Climate Indices in Climate Variability 
One of the impacts of global warming is relatively sharp land-sea contrast due stronger 
warming over land than oceans. Dommenget D. (2009) elaborated that the land-sea 
interaction is highly asymmetric. As such, variability in oceans leads to variability with 
enhanced magnitude over the continents. The signs of anthropogenic influence on climate 
are becoming increasingly obvious, and there is dire need to assess the natural, economic 
and social impacts of rapid change at regional and local geographic scales. In order to 
quantify the impacts, climate indices are being developed. Climate index is a computed 
value that describes the current state of a climate variable and its variability in climate 
system. Since precipitation variability at seasonal to inter annual timescales is mainly tied 
to sea surface temperatures (CLIVAR, 2011), therefore it is important to investigate the 
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tele-connections of sea surface temperatures (SST) dependent climate indices to rainfall 
over South Asia. The tele-connections are the large-scale patterns of inter-correlated 
circulation anomalies within the atmosphere and the ocean. In this study, tele-connections 
between South Asia monsoon rainfall and Indian Ocean Diploe (IOD), Pacific Decdal 
Oscillation (PDO) and Southern Oscillation Index (SOI) are investigated. 
3.3 The Indian Ocean Dipole (IOD) 
The Indian Ocean Dipole is defined as the difference in sea surface temperature between 
the two regions; a western pole/region in the Arabian Sea and an eastern region 
pole/region in the eastern Indian Ocean south of Indonesia. Regions along the Indian 
Ocean Basin are affected by IOD variability, and it is a significant contributor to the 
rainfall variability. Like ENSO, fluctuations in sea surface temperatures across Indian 
Ocean cause changes in rising and descending moisture and air across surrounding 
regions. Like ENSO, The IOD is a coupled atmosphere-ocean phenomenon in the 
equatorial Indian Ocean region. It is found that IOD negative events are often tied to La 
Niña episodes and the positive IOD events are tied to El Niño events. Moreover, when 
anomalous changes (cooling / warming) in sea surface temperatures occur in south 
eastern and western equatorial Indian Ocean respectively, the normal convective activity 
migrates to the west and cause wet rainy season over most of Africa and severe droughts 
over the Indonesia.  
3.4 Pacific Decadal Oscillation (PDO) 
Pacific Decadal Oscillation (PDO) is caused due to the climate variability on the decadal 
time scale. It is described by the different signs of Sea Surface Temperatures (SST) 
anomalies between the Aleutians and the Gulf of Alaska in the east and north-central 
Pacific in the north. It can also be characterized as a long-lived ENSO pattern of Pacific 
Climate variability (Mantua et al, 2002). The Pacific Decadal Oscillation Index is defined 
as the leading principal component of North Pacific monthly SST anomalies from 20°N 
towards the North Pole. Normally, SST anomalies from October to March are used to 
compute the PDO index because year-to-year variability is most apparent during Boral 
winter period (Mantua, 1997). The analysis depicts significant variations in jet speed 
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during cool (1947-76) and warm (1977-98) phases of past PDO observed cycles. The 
regional weather is closely related with the jet's speed and position. It suggests that PDO 
influences the precipitation variability in the region. The significant phases of the PDO 
have been classified as warm (positive) or cool (negative), as determined by the ocean 
temperature anomalies in the northeast and tropical Pacific Ocean. During warm PDO 
phase, the SSTs are warm along the west coast of Americas coincident with anomalously 
cool SSTs in the central north Pacific (Mantua et al. 2002). The PDO has relatively long 
periods of uniform cool or warm phases.  
3.5 Southern Oscillation Index (SOI)  
The measure of the large-scale fluctuations in atmospheric pressure between the eastern 
and western tropical Pacific regions is known as Southern Oscillation Index. 
Traditionally, the index is computed using the atmospheric pressure anomaly difference 
recorded at Tahiti and Darwin, Australia. The above normal air pressure at Darwin and 
below normal air pressure at Tahiti represent negative phase of SOI and opposite is true 
for the positive phase.  
Large-scale global precipitation patterns are associated with El Nino-Southern Oscillation 
(Ropelewski et al. 1987). Barlow et al (2002) concluded that deficiency in precipitation 
over South Asia is consistent with interactions between wave energy generated by 
enhanced tropical precipitation in the eastern Indian Ocean and local synoptic storms and 
is well-correlated to large-scale climate variability through a subset of ENSO events.  
3.6 Data and Methodology 
The large-scale circulation monthly data of sea level pressure (SLP), 850hpa, 700hpa and 
200hpa geo-potential heights with a resolution of 2.5o x 2.5o for the period 1951–2010 is 
used in this analysis and extracted from the National Center for Environmental 
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis. 
Precipitation data with resolution of 0.5o x 0.5o has been used from Global Precipitation 
Climatology Centre (GPCC). Since precipitation during southwest monsoon (June to 
September) contributes more than 70% of the total annual rainfall over South Asia 
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(Figure 2.5), therefore, only monsoon rainfall has been studied here for tele-connections 
with the climate indices. The climate Indices values of Indian Ocean Dipole (IOD), 
Pacific Decadal Oscillation (PDO) and Southern Oscillation Index (SOI) are based on 
variation of sea surface temperature over Indian Ocean and sea level pressure over the 
Pacific Ocean respectively.  In this study, sub-domains of each climate index have been 
chosen, from respective oceans based on higher values of coupling strength between sea 
level pressure of these sub-domains and South Asia precipitation. Higher coupling 
strength of South Asia monsoon precipitation with sea surface temperature was found 
over 10oS-10oN and 200o-100oW for the PDO, 40o-65oN and 200o-140oW for the SOI and 
10oS-10oN and 50°-80°E for IOD respectively. The domain used for South Asia 
precipitation in the study is 5o-40oN and 60o-100oE.  
3.6.1 Analysis method 
In this study, monthly climate index values of IOD, PDO and SOI were extracted from 
Climate Prediction Centre (CPC) NOAA web portal. Data period of 1950-2010 have 
been used in the analysis.  
Seasonal average index values for the southwest monsoon season have been computed 
for individual years. Standard deviation (SD) for the indices was computed and 
significant events were identified by delineating events out of plus minus one SD. 
Significant events have been divided into two categories; positive phase and, negative 
phase years. Therefore, the list of significant years of positive (negative) phase means 
that index values of those individual years are evaluated as higher (lower) than one SD in 
the list of years.  List of significant years of positive and negative phases of each index 
along with index value is shown in Table 3.1 and Table 3.2 
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Table 3.1 List of significant years showing negative phases of each index along with 
index value averaged per month during monsoon season (JJAS). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.2 List of significant years showing positive phases of each index along with 
index value averaged per month during monsoon season (JJAS). 
 
S.# SOI  positive PDO positive IOD positive 
1 
1975 3.05 1997 2.52 1994 2.66 
3 
2010 2.60 1993 2.23 1961 2.42 
4 
1955 2.23 1983 2.16 1972 2.21 
5 
1988 1.73 1987 2.00 1982 2.16 
6 
1998 1.70 1992 1.36 1997 2.08 
7 
1973 1.55 1957 1.14 1987 1.75 
8 
1964 1.48 1995 1.09 1991 1.45 
9 
    1983 1.41 
10 
    1976 1.41 
11 
    
1967 1.31 
S.# SOI  negative PDO negative IOD negative 
1 
2002 -1.48 1967 -1.00 1970 -1.18 
2 
1951 -1.53 2010 -1.04 1971 -1.27 
3 
2006 -1.53 1952 -1.04 1958 -1.83 
4 
1953 -1.55 1999 -1.11 1992 -1.92 
5 
1976 -1.63 1956 -1.15 1964 -2.00 
6 
1993 -1.93 1961 -1.24 1996 -2.15 
7 
1977 -2.20 1962 -1.28 
  
8 
1972 -2.28 2011 -1.52 
  
9 
1965 -2.45 2008 -1.56 
  
10 
1987 -2.50 2012 -1.63 
  
11 
1994 -2.58 1955 -2.25 
  
12 
1997 -2.73 1950 -1.88 
  
13 
1982 -3.28 
    
 St Dev 1.35 St Dev 0.98 St Dev 1.18 
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Finally, both negative and positive phases of all climate indices have been divided into 
two periods, wet and dry periods. The climate index phases which predicted more(less) 
than 10% of average precipitation are characterized as wet (dry) periods. Table 3.3 shows 
the dry and wet periods during last 60 years. Effects of the jet stream (200 hpa geo-
potential heights) on both wet and dry periods have been investigated and dynamics of 
the weather systems over South Asia have been discussed. To investigate the changes 
occurring in the atmosphere leading to drought, geo-potential and upper level winds are 
analyzed for 1999-2001 extreme drought event and the changes occurred in the 
atmosphere are described in the context of drought. 
3.7 Results and Discussion 
3.7.1 Impact of Indian Ocean Dipole over South Asia precipitation 
Intensity of the Indian Ocean Dipole is represented by sea surface temperature gradient 
between the western equatorial Indian Ocean extending from 50E-70E and 10S-10N and 
the south eastern equatorial Indian Ocean comprising 90E-110E and 10S-0N. This SST 
gradient is termed as Dipole Mode Index (DMI). GPCC precipitation data and all India 
summer monsoon rainfall datasets were used to analyze the impact of IOD on monsoon 
rainfall over South Asia. The correlation between IOD and monsoon rainfall depicts a 
significant impact on rainfall along Western Ghats (coastal region) of India, the monsoon 
trough regions and adjoining areas of Pakistan. During positive IOD phase, rainfall along 
eastern Himalaya region is suppressed. However, most parts of India, Pakistan, Sri Lanka 
and parts of Bangladesh receive normal rainfall (Figure 3.1a). During negative IOD 
phase, northwest India and Kashmir region receive significantly above rainfall but 
Bangladesh and Assam (eastern India) observe well below normal rainfall that may lead 
to drought over these regions. When IOD negative phase persists for longer duration and 
continue into next year, it weakens monsoon currents resulting suppressed rainfall 
activity over western India and most parts of Pakistan leading to drought (Figure 3.1b and 
3.1c). The monthly IOD variability from July to September has a significant impact on 
monsoon rainfall variability over different parts south Asia, depicting that the strong IOD 
events significantly affect the southwest monsoon. 
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Figure 3.1 Composite precipitation anomalies during southwest monsoon 
(JJAS) a) for negative phase of IOD, b) positive phase of IOD and 
c) PDSI when negative phase continue in next year. 
 
 
 
b) 
a) 
c) 
40 
 
3.7.2 Impact of Pacific Decadal Oscillation over South Asia precipitation 
Composite precipitation anomaly during negative and positive PDO phases over study 
area is presented in Figure 3.2a and 3.2b. Comparison of spatial distribution depicts high 
variability in precipitation over northern India, Nepal, Bhutan and Bangladesh. During 
the negative PDO phase, most parts of South Asia receive normal to above normal 
rainfall. This higher amount of precipitation in these areas is because when the PDO 
Index is negative, waters in the north central Pacific Ocean tend to be cool, inducing 
weak ocean atmosphere circulation thereby weakening of jet stream in the west of the 
domain. However, Bangladesh, Bhutan and Assam receive below average precipitation. 
On the contrary, in the positive PDO phase, most parts of India, Nepal and Pakistan 
receive below average precipitation. The precipitation pattern depicts that during positive 
phase of PDO, monsoon trough become weak and the Bay low remains concentrated over 
Bangladesh and does not migrate west-northwest to yield rainfall over central India and 
Pakistan. The rainfall anomaly pattern depicts negative PDO may lead to drought over 
Indian Peninsula and southern arid region of Pakistan. When PDO positive phase persist 
up to next monsoon (1992-93), then its impacts become more evident and most parts of 
central India comes under severe drought (Figure 3.2b, 3.2c). However, during positive 
PDO phase, most parts of Pakistan are not affected because the westerly jet continue to 
affect upper parts of country and interaction of relatively warm moist currents from 
Arabian Sea and westerly waves yield convective precipitation thereby producing a 
mitigating affect to weak monsoon over India (Figure 3.2c ). 
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Figure 3.2 composite precipitation anomalies during southwest 
monsoon (JJAS) a) for negative phase of PDO, b) 
positive phase of PDO and c) PDSI when positive 
phase continue in next year. 
 
 
b) 
a) 
c) 
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3.7.3 Impact of Southern Oscillation Index over South Asia precipitation  
Composite precipitation anomaly for South Asia during positive and negative phases of 
SOI is presented in Figures 3.3a and 3.3b respectively. Significant variability is evident 
from the analysis; most of South Asia receives above (below) normal rainfall during 
positive (negative) phase of SOI. However, inverse trend is evident over Bangladesh and 
eastern India which observed negative (positive) anomaly during positive (negative) 
phase of SOI. There is little impact of SOI on monsoon rainfall variability over Pakistan 
and area of monsoon trough over India during negative phases. It is noted that when 
negative phase of SOI continue to persist in to the next monsoon season (1976-77), it 
may trigger drought signals over northern Pakistan and most parts of India. Composite 
PDSI values depict severe water deficit over Kashmir and northern Pakistan which feed 
the Indus river system of the subcontinent (Figure 3.3c). Such situation may lead to 
hydrological drought in Pakistan that would have serious impacts on various water 
related sectors in upper parts of country. 
Table 3.3 and 3.4 depicts that during the past 60 years, frequency of negative episodes   
(< -1 SD) of PDO and SOI are significantly increasing. Observed negative phases are 
twice as compared to positive phases since 1950. Whenever, the two indices are in 
opposite phase (1997, 2010), it resulted in extreme precipitation episodes over northwest 
domain of South Asia comprising northern India and Pakistan causing severe flooding 
over the region. On the contrary, negative episodes of IOD have decreased compared to 
positive episodes during last 52 years. Moreover, when IOD is in opposite phase to SOI 
(1987), monsoon rainfall has suppressed leading to drought over western parts of South 
Asia including Pakistan. Analysis of the impact of various indices on case to case basis 
depicts that negative phases of SOI and positive phases of IOD significantly contribute in 
suppressing the monsoon rainfall activity over South Asia that leads to drought events in 
the region. 
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Figure 3.3 Composite precipitation anomaly during southwest monsoon 
(JJAS) a) for positive phase of SOI, b) negative phase of SOI and 
c) PDSI when negative phase continue in next year 
 
 
c) 
b) 
a) 
c) 
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Table 3.3  Frequency of negative and positive phases of IOD, PDO and SOI 
 
Table 3.4  Frequency of wet and dry periods based on IOD, PDO and SOI phases 
 
 
S.No 
IOD signals PDO signals SOI signals 
 
Negative 
phase 
Positive 
phase 
Negative 
phase 
Positive 
phase 
Negative 
phase 
Positive 
phase  
1 1958 1961 1950 1957 1951 1955 
 
2 1964 1967 1952 1983 1953 1964 
 
3 1970 1972 1955 1987 1965 1973 
 
4 1971 1976 1956 1992 1972 1975 
 
5 1992 1982 1961 1993 1976 1988 
 
6 1996 1983 1962 1995 1977 1998 
 
7 
 
1987 1967 1997 1982 2010 
 
8 
 
1991 1999 
 
1987 
  
9 
 
1994 2008 
 
1993 
  
10 
 
1997 2010 
 
1994 
  
11 
  
2011 
 
1997 
  
12 
  
2012 
 
2002 
  
13 
    
2006 
  
        
S.No Wet Periods Dry Periods 
 
1 1956 1951 
 
2 1961 1965 
 
3 1970 1972 
 
4 1973 1982 
 
5 1975 1987 
 
6 1983 2002 
 
7 1988 
 
 
8 1991 
 
 
9 1994 
 
 
10 2010 
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3.8  Case study of 1999-2001 Extreme Droughts 
To investigate the causes of history worst drought over west South Asia, geo-potential 
height analysis up to 700hpa was carried out. The analysis depicts that with the passage 
of time, sub-tropical jet over Bay of Bengal is weakening resulting weak moisture influx 
over western parts of South Asia and yielding maximum rainfall over Bangladesh and 
surrounding areas. However, Arabian high has intensified during last 60 years (Figure 
3.4a, 3.4b). This change in the intensity is injecting more moisture from Arabian Sea to 
Pakistan and northern India.  
 
During drought period, the horizontal wind component over the monsoon trough 
weakened whereas it was strengthened over Arabian Peninsula and extended up to 
northwest Pakistan. This extension injected warm dry air from Arabian Peninsula into the 
region and also blocked the influence of western disturbances (Figure 3.5) that inject 
relatively cool air into the western Himalaya region and contribute in enhancing 
convective rainfall activity over the region. Various researchers like Romatschke et al. 
(2010) and Houze et al. (2007) examined the convective precipitation characteristics in 
the region using TRMM data. They concluded that arid western Himalayan region 
comprising Pakistan observes one of the most intense convection in the world. Medina et 
al. (2010) also studied monsoon precipitation characteristics and concluded that 
convective activity over Pakistan is associated with orographic release of instability from 
low-level moisture feed from the Arabian Sea being capped by dry mid level flow from 
the west-northwest. 
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Figure 3.4 Departure of zonal wind for Jun-September (1999-2001) 
from LPA Jun-September (1951-2010) depicting 
weakening (dotted lines) over most of South Asia and 
strengthening (solid lines) over Arabian Peninsula 
extending to Pakistan and northern India,      a) at700 hpa,    
b) 850 hpa 
 
 
a) 
b) 
Pakistan 
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Figure 3.5 Departure of geo-potential height for Jun-September (1981-2010) 
from LPA Jun-September (1951-2000) depicting its weakening 
(blue) over Bay of Bengal and strengthening (pink) over Arabian 
Peninsula. 
 
 
 
 
 
 
 
Arabian Peninsula 
Bay of Bengal 
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3.9 Summary 
Over one billion people of South Asia are dependent on agriculture related livelihoods 
and their livelihoods are widely exposed to high levels of vulnerability to drought which 
always recur due to lack of precipitation. Due to global warming, variability in the oceans 
is causing variability with enhanced magnitude over the continents. In order to quantify 
the impacts, climate indices are an effective tool. Climate index is a computed value that 
describes the state of climate variable and its variability in climate system. During 
positive IOD phase, rainfall along eastern Himalaya region is suppressed. However most 
parts of India, Pakistan, Sri Lanka and parts of Bangladesh receive normal rainfall. 
During negative IOD phase, northwest India and Kashmir region receive significantly 
above rainfall but Bangladesh and Assam (eastern India) observe well below normal 
rainfall that may lead to drought over these regions. When IOD negative phase persists 
for longer duration and continue into the next year, it weakens monsoon currents 
resulting suppress rainfall activity over western India and most parts of Pakistan leading 
to drought. During the negative PDO phase, most parts of South Asia receive normal to 
above normal rainfall. This higher amount of precipitation in these areas is because 
negative PDO index induce weak ocean atmosphere circulation thereby weakening of jet 
stream in the west of the domain. On the contrary, in the positive PDO phase, monsoon 
trough becomes weak and the Bay low remains concentrated over Bangladesh and does 
not migrate west-northwest to yield rainfall over central India and Pakistan. When PDO 
positive phase persists up to the next monsoon season (1992-93), then its impacts become 
more evident and most parts of central India comes under severe drought. However, 
during positive PDO phase, most parts of Pakistan are not affected because the westerly 
jet continue to affect upper parts of country and the interaction of relatively warm moist 
currents from Arabian Sea and westerly waves yield convective precipitation thereby 
producing a mitigating affect to the weak monsoon over India. 
During the past 60 years, frequency of negative episodes (< -1 SD) of PDO and SOI have 
significantly been increased. Observed negative phases are twice as compared to positive 
phases since 1950. Whenever, the two indices are in opposite phase (1997, 2010), it 
resulted in the extreme precipitation episodes over northwest domain of South Asia 
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comprising northern India and Pakistan causing severe flooding over the region. On the 
contrary, negative episodes of IOD have decreased compared to positive episodes during 
last 52 years. Moreover, when IOD is in opposite phase to SOI (1987), monsoon rainfall 
has suppressed leading to drought over western parts of South Asia including Pakistan.  
Analysis of the impact of various indices on case to case basis depicts that negative 
phases of SOI and positive phases of IOD significantly contribute in suppressing 
monsoon rainfall activity over South Asia that lead to drought events in the region. 
Analysis of seasonal variability of 1999-2001 extreme droughts depicts that the 
horizontal wind component is strengthened over Arabian Peninsula and extended up to 
northwest India. This extension injected warm dry air from Arabian Peninsula into the 
region and also blocked the influence of western disturbances that injects relatively cool 
air into the western Himalaya region which is the main source of convective precipitation 
over the region. In such situation, most parts of Pakistan and adjoining India receive well 
below normal rainfall leading to severe drought over arid and semi arid regions. 
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Chapter 4 
Drought Monitoring Mechanism 
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4.1 General 
Drought is more frequent natural hazard over arid regions of South Asia and differs from 
aridity in the perspective that aridity is a permanent feature of regions where rainfall is 
less than one forth of evapo-transpiration rate, whereas, drought is caused by the 
deficiency in the average rainfall of a region for an extended period of time. In southern 
Pakistan, southwest monsoon season is the primary rainy season which yields 65% of 
annual rainfall. While considering the drought, the rainfall deficiency is measured 
relative to the climatic normal of rainfall over the area. For drought characteristics, the 
timings and effectiveness of rains are very important to determine the drought. Other 
climatic factors such as high temperatures, low moisture content in the atmosphere and 
higher wind speed can aggravate the severity of the drought. However, there is no 
generally accepted drought classification scheme (Wilhite and Glantz, 1985). 
Drought indices like percent of normal, Bhalme-Mooley Drought Index (BMDI), 
standardized precipitation index (SPI), effective drought index (EDI), etc. require only 
rainfall data for the computation of index. The indices that use only rainfall data are easy 
to compute and also have operationally shown better performance as compared to 
complex hydro-meteorological indices (Oladipo, 1985). During the past few decades, 
several other drought indices based on remote sensing data such as Normalized difference 
vegetation index (Tucker, 1979), Vegetation Condition Index (VCI), Temperature 
Condition Index (Kogan, 1995 & 1997) and Enhanced Vegetation Index (Huete et al. 
2002) have also been employed. In this study, Regional Drought Identification Model 
(REDIM) is used to compute SPI and develop drought climatology for Sindh province of 
Pakistan and Tharparkar district of Sindh province which is one of the most vulnerable 
areas to drought in Pakistan (NDRP 2010). Trends in the SPI series were also studied to 
examine the variability in the rainfall over the region.  
4.2 Study area 
Sindh region comprises of fertile land and most of the people living in this region are 
directly related to the agriculture. River Indus fertile the land but sometimes, deficiency 
of rainfall creates lot of problems to the livelihood of the people living in this region. The 
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region experience very high temperatures as compared to the north throughout the year 
which increases the evapo-transpiration and causes water balance deficit conditions. 
Southwest part of Pakistan is more vulnerable to droughts due to scarcity of rainfall and 
stress in water balance is also observed in northern parts of the country during recent 
decades (Adnan et al. 2009).  
Scarcity of rainfall affects the socio-economic conditions of Sindh region. Rainfall 
deficiency leads to drought which directly affects agriculture and livestock of this region. 
This study will highlight the temporal and spatial characteristics of droughts during 
recent decades. Meteorological data of nine weather stations for Sindh region has been 
used for drought analysis. The spatial distribution of nine station used in the study has 
been shown in Figure 4.1. 
Tharparkar exhibits topical arid climate. The district lies between 24° 10' to 25°45' N and 
69' 04' to 71°06' E. Mirpurkhas and Umerkot districts are situated towards north while 
Barmer and Jaisselmir districts of India lie in the east of Tharparkar. The district of Badin 
and Rann of Kutch are situated towards south. The district covers 19,638 square 
kilometers area. It is divided into four talukas (tehsils) i.e. Chachro, Diplo, Mithi and 
Nagarparkar. During April to June, the worst hot weather prevails with diurnal 
temperature range of 24-41 centigrade. While from December to February, weather is 
quite cool and the diurnal temperature range lies between 9–28°C. Rain and drizzling is 
variable here, but most often rain occurs during southwest monsoon season from June to 
September. There is no river or stream in the district. However, in Nagar Parkar, there are 
two perennial springs named Acbleshwar and Sardharo as well as temporary streams 
called Bhetiani and Gordhro rivers which flow after the monsoon rains. 
 
 
 
 
.  
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Figure 4.1  Map showing location of Sindh Province 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Map showing location of Tharparkar area 
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Identification and characterization of drought at a site and over the region has become an 
important tool both for planning and management of water systems as it provides useful 
information for the assessment of water shortage risk and for implementing appropriate 
mitigation measures. 
 
4.3  Data and Methodology  
Monthly rainfall data of nine meteorological stations of Sindh region was extracted from 
the archives of Pakistan Meteorological Department. Percentage area under various 
meteorological stations of Sindh region was computed using ArcGIS 9.1 tool and 
described in Table 4.1. The Regional Drought Identification Model (REDIM) was 
employed to identify drought episodes selecting threshold of 65% of area for regional 
drought event. The Outgoing Long wave Radiation (OLR) data was extracted from Earth 
System Research Laboratory web portal. The monthly anomaly data was downloaded and 
area average for Sindh region was computed using GRADs software. The SPI during 
drought episodes were correlated with out-going long wave radiations (OLR) data to 
investigate drought indices response to satellite derived product.  
The basic data used to study drought characteristics for Tharparkar is the monthly 
rainfall. The area used in this study is shown as shaded areas in the country map 
(Figure.4.1 and 4.2). The rainfall was not evenly distributed all over the region. The 
station data was obtained from archives of the PMD whereas two stations namely 
Nagarparkar and Islamkot data was downloaded from Global Precipitation climate Centre 
(GPCC) 0.5°x0.5° for effective coverage of the area. GPCC has good correlation with 
observed data in arid region of Pakistan (Appendix A). The area of subdivisions of 
Tharparkar region was computed using ArcGIS 9.1 and given in Table 4.2. 
Using rainfall data, drought characteristics were evaluated by employing REDIM model. 
The model computes the number of months and years for each drought episode and area 
under the drought conditions based on SPI index. The area threshold was used as 65% 
whereas SPI value of -1.0 was selected as threshold for drought declaration. Drought 
episodes were calculated with varying time scales of 1, 3, 6, 9 and 12 month time scale. 
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Table 4.1 List of meteorological stations used in the study along with 
represented area in Percentage and square kilometers 
S.No. Station Area [%] Area [km2] 
1 Badin 15 6746.46 
2 Chhor 15 6746.46 
3 Hyderabad 12 5397.16 
4 Karachi 8 3598.11 
5 Jacobabad 12 5397.16 
6 Nawabshah 9 4047.87 
7 Padidan 9 4047.87 
8 Rohri 3 1349.29 
9 Moenjo-daro 17 7645.98 
 
Table 4.2 List of meteorological stations in Tharparkar along with 
represented area in Percentage and square kilometers 
S.No Station Name Area(%) Area (Sq km) 
1 Chorr 27 5302.26 
2 Islamkot 20 3927.6 
3 Mithi 33 6480.54 
4 Nagar Parkar 20 3927.6 
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4.4   Regional Drought Identification Model (REDIM) 
This model was developed by the Department of Civil and Environmental Engineering 
University of Catania, Italy. This model is helpful to identify the past drought episodes 
along with its intensity and duration.  REDIM allows performing analysis for drought on 
data series both at a site and over a region by employing the Run Method and the SPI 
index. In addition, it allows testing statistically for the existence of non-stationarities in a 
data series, whose presence may lead to misleading drought analyses. REDIM also 
evaluates the spatial coverage for regional droughts, by considering several series of the 
data of interest and selecting, besides of the truncation level at each site, an additional 
threshold, which represents the percent of the area affected by the deficit above which a 
regional drought may be considered to occur and declared accordingly. 
4.5      Drought identification and characterization by run method 
Identification of drought episodes is done using run analysis that is an objective method 
for the identification of drought episodes and for analyzing the statistical properties of 
drought. In run method, a drought period coincides with the "negative run", defined as a 
consecutive number of intervals for which a chosen hydrological variable remains below 
the threshold (Yevjevich, 1967). The main advantage of using run method for drought 
identification is that it derives the probabilistic features of drought characteristics like 
duration, accumulated water deficit etc analytically as well as by data generation once the 
stochastic properties of the basic variable are available. 
4.6      Drought analysis through the Standardized Precipitation Index  
Among the several proposed indices for drought monitoring, the Standardized 
Precipitation Index (SPI) has found widespread application (McKee et al. 1993; Rossi 
and Cancelliere, 2003, Cancelliere et al. 2007). Computation of SPI only requires the 
availability of monthly precipitation series. The aggregation time scale should be 
properly selected according to the aim of the study: i.e., from few months for studies 
oriented to analyze agricultural droughts (as the soil water content is affected by the 
reduction in precipitation for a short time period), till one year or more for hydrological 
57 
 
droughts (since stream flow, ground water, and water volumes stored in the reservoirs are 
mainly affected by precipitation anomalies over a longer time scale). SPI on different 
time scales like 3, 6, 9, 12, 24 months were used to calculate the drought events by 
keeping the SPI threshold -1.0 as the onset of drought event as shown in Table 4.3. The 
idea is to see how SPI behaves on different time scales and what would be the impact of 
choosing different time scales on the frequency, intensity and regional coverage of 
drought episodes. 
Table  4.3 Drought classification according to the National Drought Monitoring 
Center. 
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4.7 Results and Discussions 
4.7.1 Run method 
The areal average (threshold) was taken 65% of the total area to detect regional drought 
events characteristics for the study area. Fourteen drought events were observed in the 
Tharparkar during 1948-2011 in which most severe drought was observed during 1996-
2002 in which cumulative regional deficit was 665mm and its intensity was 
83.18mm/year. This drought affected 96.62% of the total area of Tharparkar. Detailed 
results are listed in Table 4.3 and Figure. 4.4.  
The analysis also highlights wet periods over Tharparkar comprising 1951-1960, 1975-
1985 and 2005-2011. The cumulative deficit and alternatively total availability of water 
through rainfall can beneficially be used for planning water management practices in the 
region. 
 
4.8 Local scale analysis by SPI 
4.8.1 Drought Characteristics on 3 month time scale 
The threshold for SPI was taken as -1.0 to develop climatology of drought events for 
Tharparkar area. Twenty three drought events were observed in the Tharparkar during 
1948-2011 period in which most severe drought was observed during 1987 in which SPI 
index reached to -2.72 and it lasted for 5 months from August to December. This drought 
event affected the entire area of Tharparkar. Detailed results are listed in Table 4.5.  
4.8.2 Drought Characteristics on 6 months’ timescale 
Twenty four drought events were observed in the Tharparkar during 1948-2011 in which 
most severe drought was observed during 1987-88 in which SPI index reached to -2.82 
and it lasted for 9 months from September 1987 to May 1988. This drought event 
affected the entire area of Tharparkar. Detailed results are listed in Table 4.5. The long 
term SPI (3, 6, 12, and 24) data analysis shows that drought occurs and strengthens 
gradually. It is also mentioned if there is drought, then 3 to 12  month SPI is a good 
indicator to determine the maximum area influence by drought but after 12 month SPI the 
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area coverage values does not effects significantly with drought. Therefore 12 month SPI 
is recommended to determine the area coverage and declare the drought year. The mean 
values of areal coverage increase with the passage of time as shown in Table 4.6.  
4.8.3 Time series analysis of Tharparkar 
The time series analysis of 3, 6, 12 month SPI of Tharparkar shows an increasing trend. 
Though the trend is not significant but still the trend is toward the positive side which 
means that this region will gradually experience the wetter period. 12 month SPI is also a 
good indicator to determine the intensity of drought and it also depicts the wetter and dry 
period in the time series.  Figure 4.7 depicts that 1969 was the driest year in Tharparkar 
on 12 month SPI scale with index value of -2.48. 
Figure 4.3 General Characteristics (%age area and precipitation deficit on annual 
basis) of Drought Events by Run method 
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Table 4.4:  Number of drought events in Tharparkar, Sindh. 
N Begin. End Durat. Cum. Reg. 
Def. 
Drought 
Reg. Int. 
Mean Reg. 
Coverage 
   [years] [mm] [mm/year] [%] 
1 1984 1991 8 600.81 75.1 93.37 
2 1995 2002 8 665.48 83.18 96.62 
3 1948 1951 4 278.32 69.58 91.75 
4 1971 1974 4 396.91 99.23 100 
5 1962 1963 2 159.91 79.96 100 
6 1965 1966 2 181.29 90.64 100 
7 1968 1969 2 309.65 154.82 100 
8 2004 2005 2 109.96 54.98 100 
9 1957 1957 1 78.8 78.8 100 
10 1960 1960 1 121.74 121.74 100 
11 1980 1980 1 103.88 103.88 100 
12 1982 1982 1 75.05 75.05 100 
13 1993 1993 1 23.56 23.56 73 
14 2008 2008 1 55.8 55.8 100 
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Table 4.5 Number of drought events on 3 month SPI in Tharparkar, Sindh 
S.No Begin End Duration Area mean Area max SPI mean SPI 
min 
   [months] [%] [%]   
1 Jul 1948 Jul 1948 1 80.00% 80.00% -1.86 -1.86 
2 May 1950 Jul 1950 3 67.00% 67.00% -1.89 -2.15 
3 May 1951 May 1951 1 73.00% 73.00% -1.69 -1.69 
4 Dec 1952 Dec 1952 1 100.00% 100.00% -1.25 -1.25 
5 Dec 1960 Dec 1960 1 80.00% 80.00% -1.39 -1.39 
6 Aug 1963 Oct 1963 3 84.33% 100.00% -1.74 -2.00 
7 Nov 1966 Nov 1966 1 80.00% 80.00% -1.37 -1.37 
8 Oct 1968 Dec 1968 3 100.00% 100.00% -1.43 -1.55 
9 Jul 1969 Nov 1969 5 100.00% 100.00% -1.85 -2.00 
10 May 1971 May 1971 1 67.00% 67.00% -1.83 -1.83 
11 Nov 1972 Nov 1972 1 73.00% 73.00% -1.18 -1.18 
12 May 1974 May 1974 1 100.00% 100.00% -2.33 -2.33 
13 Set 1974 Nov 1974 3 89.00% 100.00% -2.05 -2.26 
14 Apr 1985 Apr 1985 1 80.00% 80.00% -1.86 -1.86 
15 Aug 1987 Dec 1987 5 93.40% 100.00% -2.45 -2.72 
16 Jun 1989 Jun 1989 1 67.00% 67.00% -1.86 -1.86 
17 Jul 1990 Jul 1990 1 80.00% 80.00% -1.44 -1.44 
18 Jun 1991 Nov 1991 6 94.50% 100.00% -1.67 -1.78 
19 Nov 1996 Nov 1996 1 100.00% 100.00% -1.32 -1.32 
20 Oct 1999 Oct 1999 1 100.00% 100.00% -1.96 -1.96 
21 Apr 2001 May 2001 2 76.50% 80.00% -2.01 -2.15 
22 Set 2002 Nov 2002 3 89.00% 100.00% -1.75 -1.90 
23 Jun 2011 Aug 2011 3 89.00% 100.00% -1.74 -2.15 
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Table 4.6 Number of drought events on 6 month SPI in Tharparkar, Sindh  
N Begin End Duration Area mean Area max SPI mean SPI min 
   [months] [%] [%]   
1 Jul 1949 Jul 1949 1 80.00% 80.00% -1.50 -1.50 
2 May 1950 Jul 1950 3 67.00% 67.00% -2.04 -2.46 
3 May 1951 Jun 1951 2 86.50% 100.00% -2.10 -2.29 
4 Jun 1956 Jun 1956 1 67.00% 67.00% -1.72 -1.72 
5 Feb 1961 Feb 1961 1 73.00% 73.00% -1.31 -1.31 
6 May 1962 Jul 1962 3 67.00% 67.00% -1.51 -1.65 
7 Aug 1963 Oct 1963 3 93.33% 100.00% -1.77 -1.98 
8 Feb 1967 Mar 1967 2 100.00% 100.00% -1.45 -1.53 
9 Oct 1968 Mar 1970 18 100.00% 100.00% -1.88 -2.23 
10 Dec 1972 Feb 1973 3 73.00% 73.00% -1.22 -1.26 
11 May 1974 Jun 1974 2 86.50% 100.00% -2.01 -2.16 
12 Aug 1974 Feb 1975 7 95.29% 100.00% -1.99 -2.37 
13 Apr 1983 Apr 1983 1 73.00% 73.00% -1.41 -1.41 
14 Jun 1986 Jun 1986 1 80.00% 80.00% -1.42 -1.42 
15 Set 1987 May 1988 9 97.00% 100.00% -2.31 -2.84 
16 May 1989 Jun 1989 2 100.00% 100.00% -1.47 -1.50 
17 Jun 1991 Feb 1992 9 100.00% 100.00% -1.93 -2.02 
18 Jul 1994 Jul 1994 1 80.00% 80.00% -1.30 -1.30 
19 Feb 1997 Mar 1997 2 86.50% 100.00% -1.37 -1.42 
20 Jun 1998 Jun 1998 1 100.00% 100.00% -2.00 -2.00 
21 Jan 2000 Jan 2000 1 100.00% 100.00% -1.27 -1.27 
22 Jun 2000 Jul 2000 2 86.50% 100.00% -1.59 -1.70 
23 Mar 2001 May 2001 3 73.33% 80.00% -1.83 -2.25 
24 Set 2002 Jan 2003 5 100.00% 100.00% -1.82 -2.11 
 
Table 4.7  Drought climatology for Tharparkar, Sindh based on SPI 
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4.9 Results for Sindh Region 
The areal average (threshold) was taken 65% of the total area to detect regional drought 
events characteristics for Sindh region. Seven drought events were observed in the Sindh 
during 1980-2011 in which most severe drought was observed during 2000-2002 in 
which cumulative regional deficit was 199.4mm and its intensity was 66.47mm/year. 
This drought affected the 87.33% of the total area of the province. Detailed results are 
listed in Table 4.8 and 4.9. 
4.9.1 Standardized Precipitation Index 
Drought characteristics were also analyzed using SPI index at 3, 6, 9, 12 and 24 months 
time scale for the Sindh region. Table 4.10 shows that five drought events were recorded 
by keeping the time scale of SPI 3 months. Two month drought observed during 1987, 
1991 and 2002 while the maximum drought coverage was observed during 1991. Results 
are described as under. 
Table 4.11 shows that six drought events were recorded by keeping the time scale of SPI 
6 months. The maximum duration of twelve month drought observed during 1987-1988 
in which the maximum aerial coverage was 97%. The second longest episode of drought 
was up to four month in which maximum areal coverage was 92%. 
The Table 4.12 shows that five drought events were recorded by keeping the time scale of 
SPI 9 months. The maximum duration of twelve month drought observed during 1987-
1988 in which the maximum aerial coverage was 100%. The second longest episode of 
drought was upto seven months during 2002 and 2003, in which maximum areal 
coverage was 92% similarly during 1991-92, five month drought was observed in which 
65% of the area was affected. 
The Table 4.13 shows that six drought events were recorded by keeping the time scale of 
SPI 12 months. The maximum duration of eleven months drought observed during 1987-
1988 in which the maximum aerial coverage was 100%. The second longest episode of 
drought was up to seven months during 2002-03 in which maximum areal coverage was 
92%. The Table 4.14 shows that four drought events were recorded by keeping the time 
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scale of SPI 24 months. The maximum duration of twenty seven months drought 
observed during 2000 -2003 in which the maximum aerial coverage was 88%.  
 
Figure 4.4 Tharparkar 3-Month SPI Time series 
 
Figure 4.5 Tharparkar 6-Month SPI Time series 
 
Figure 4.6 Tharparkar 12-Month SPI Time series 
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Table 4.8 Number of drought events in Sindh. 
 
Table  4.9 Summary of drought events for Sindh region using run method. 
S.no Begin. End Duration. Cum. Reg. 
Def. 
Drought 
Reg. Int. 
Mean Reg. 
Coverage 
   [years] [mm] [mm/year] [%] 
1 1987 1987 1 97.36 97.36 100 
2 1991 1991 1 93.21 93.21 100 
3 1993 1993 1 29.22 29.22 67 
4 1996 1996 1 58.71 58.71 92 
5 1998 1998 1 28.58 28.58 85 
6 2000 2002 3 199.4 66.47 87.33 
7 2004 2005 2 82.71 41.35 79.5 
 Mean Max Min 
Duration [years]: 1.42 3.00 1.00 
Cum. Reg. Def [mm]: 84.17 199.40 28.58 
Drought Reg. Int. [mm/year]: 59.27 97.36 28.58 
Mean Reg. Coverage [%]: 87.25 100.00 67.00 
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Figure 4.7 General characteristics of drought events for Sindh using run method 
 
Figure 4.8  Drought identification for Sindh based on 3 month time scale  
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Table 4.10 Number of drought events on 3-month SPI in Sindh 
S. no Begin End Duration 
[months] 
Area mean 
[%] 
Area max 
[%] 
SPI 
mean 
SPI 
min 1 Sep 1987 Oct 1987 2 80.50% 88.00% -2.47 -2.94 
2 May 1988 May 1988 1 67.00% 67.00% -2.06 -2.06 
3 Set 1991 Oct 1991 2 91.00% 91.00% -2.58 -3.02 
4 Oct 1999 Oct 1999 1 68.00% 68.00% -1.83 -1.83 
5 Set 2002 Oct 2002 2 92.00% 92.00% -2.12 -2.28 
 
 
 
 
 Table 4.11 Threshold of drought on 3 Month SPI 
 
 
 
 
 
 Mean Min Max 
Duration [months] 1.60 1 2 
SPI -2.21 -3.02 -1.83 
Area [%] 79.70% 67.00% 92.00% 
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Figure 4.9 Drought identification for Sindh based on 6 month time scale 
 
Table  4.12 Number of drought events based on 6 month SPI in Sindh. 
S.No Begin End Duration 
[months] 
Area mean 
[%] 
Area max 
[%] 
SPI 
mean 
SPI 
min 1 Aug 1987 Jul 1988 12 86.00% 97.00% -2.33 -2.98 
2 Set 1991 Set 1991 1 74.00% 74.00% -2.65 -2.65 
3 Nov 1991 Jan 1992 3 79.33% 91.00% -2.48 -2.56 
4 Jan 2000 Jan 2000 1 68.00% 68.00% -1.46 -1.46 
5 Oct 2002 Jan 2003 4 79.75% 92.00% -2.38 -2.81 
6 Aug 2004 Set 2004 2 77.50% 85.00% -2.08 -2.35 
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Table 4.13 Threshold of drought on 6 month time scale 
 
 
 
 
 
 
  
 Mean Min Max 
Duration [months] 3.83 1 12 
SPI -2.23 -2.98 -1.46 
Area [%] 77.43% 65.00% 97.00% 
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Figure 4.10 Drought identification for Sindh based on 9 month time scale 
 
 
Table  4.14 Number of drought events on 9 month time scale in Sindh 
N Begin End Duration 
[months] 
Area mean 
[%] 
Area max 
[%] 
SPI 
mean 
SPI 
min 1 Aug 1987 Jul 1988 12 89.00% 100.00% -2.41 -2.89 
2 Set 1991 Jan 1992 5 65.00% 65.00% -2.19 -2.49 
3 Apr 2000 Apr 2000 1 68.00% 68.00% -1.64 -1.64 
4 Aug 2002 Feb 2003 7 83.71% 92.00% -2.26 -2.34 
5 Aug 2004 Oct 2004 3 85.00% 85.00% -1.84 -1.98 
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Table 4.15  Threshold of drought on 9 month SPI for Sindh 
 Mean Min Max 
Duration [months] 5.60 1 12 
SPI -2.07 -2.89 -1.64 
Area [%] 78.14% 65.00% 100.00% 
 
 
 
Figure 4.11    Drought identification on 12 month time scale for Sindh  
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Table 4.16 Number of drought events on 12 month timescale in Sindh 
 
 
Table 4.17 Threshold of drought on 12-Month timescale 
N.no Begin End Duration 
[months] 
Area mean 
[%] 
Area max 
[%] 
SPI 
mean 
SPI 
min 
1 Aug 1986 Aug 1986 1 67.00% 67.00% -1.47 -1.47 
2 Set 1987 Jul 1988 11 92.09% 100.00% -2.44 -2.70 
3 Nov 1991 Jan 1992 3 65.00% 65.00% -2.07 -2.08 
4 Jun 2000 Jul 2000 2 79.00% 85.00% -1.72 -1.75 
5 Aug 2002 Feb 2003 7 84.71% 92.00% -2.36 -2.49 
6 Set 2004 Oct 2004 2 94.00% 100.00% -1.87 -1.95 
 Mean Min Max 
Duration [months] 4.33 1 11 
SPI -1.99 -2.70 -1.47 
Area [%] 80.30% 65.00% 100.00% 
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Figure 4.12 Drought identification for Sindh based on 24 month time scale 
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Table 4.18   Number of drought events for Sindh based on 24 month SPI 
 
 
Table 4.19 Threshold of drought on 24 month SPI 
 
 
 
 
 
 
 
 
N.no Begin End 
Duration 
[months] 
Area mean 
[%] 
Area max 
[%] 
SPI 
mean 
SPI 
min 
1 Mar 1988 Mar 1988 1 76.00% 76.00% -2.14 -2.14 
2 May 1988 Jul 1988 3 76.00% 76.00% -2.08 -2.16 
3 Nov 2000 Jan 2003 27 73.19% 88.00% -1.90 -2.36 
4 May 2003 Jul 2003 3 80.00% 80.00% -2.23 -2.37 
 Mean Min Max 
Duration [months] 8.50 1 27 
SPI -2.09 -2.37 -1.58 
Area [%] 76.30% 65.00% 88.00% 
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4.9.2 Drought Predictability using OLR Data 
Drought episodes corresponded well with OLR data having phase lag of two months. 
OLR anomaly was significantly positive over entire monsoon belt for Pakistan and 
adjoining India during monsoon 1987 that lead to trigger drought conditions over area 
under study. The above normal OLR conditions prevailed during rest of the year and 
winter 1988 that resulted in severe drought conditions till July 1988. Pre-monsoon rains 
started in June 1988 and negative OLR anomaly is recorded over drought hit areas of 
Sindh. This pattern continued during monsoon 1988 that resulted in termination of 
drought from the area. Analysis depicts that when OLR anomaly exceeds 20 W/m2, the 
impacts of precipitation becomes evident over the area after one month. If anomaly is 
positive, it would lead to drought and vice versa (Table 4.20; Figure 4.13 and 4.14) 
 
Figure 4.13 OLR anomaly during July 1987 (L) and August 1998 (R), White square 
box indicates the location of the study area. 
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Table 4.20  Correlation between satellites derived out-going long wave radiation 
data and drought index (SPI) at various time scales. 
 
S.No SPI time scale Correlation 
1 1-SPI -0.609466142 
2 3-SPI -0.562074868 
3 6-SPI -0.329090063 
4 12-SPI -0.162519538 
 
 
 
 
Figure 4.14 SPI trend in response to OLR anomaly during 1987-1998 for Sindh 
region at various time scales 
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4.10 Summary  
Drought episodes over Tharparkar district of Sindh and the entire Sindh province have 
been examined using Regional Drought Identification Model (REDIM). The drought 
frequencies were computed using rainfall time series of 63 years on monthly basis. 
Characterization and Identification of drought incidences over the region depicts that 
REDIM is robust enough to also be used for examining break and active events in the 
seasonal cycle of monsoon rainfall. The trend analysis of SPI series showed positive 
trends over the region that depicts increased precipitation over time especially during 
recent decade. As such enhanced monsoon activity is in the offing in changing climate. 
It is concluded that REDIM provides detailed information about the emergence and 
receding of drought. REDIM helps to calculate the regional coverage, intensity and 
cumulative deficit of rainfall along with the duration which can in turn be used to design 
mitigation measures. As the SPI time scale increases, the number of drought events 
decrease but the probability of occurrence increases along with their duration. It is also 
concluded that OLR has inverse correlation with SPI with a time-lag of more than one 
month. As such OLR data can beneficially be used for timely declaration of drought 
episodes. 
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Chapter 5 
Drought predictability for southern Pakistan  
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5.1 General 
A number of studies are available for the prediction of South Asian Monsoon including 
Pakistan in last three decades, using the all possible statistical and numerical approaches. 
But, none of them focused to predict the extreme events of droughts in South Asia. Bordi 
et al. (2007) elaborated that drought forecasting and estimation of extreme dry events is 
the proactive approach to deal with drought hazard. The prediction of excess and 
deficient rainfall considering the departures from climate is a practice in routine in the 
subcontinent regarding the long range predictability. Although, the recent approach of 
ensemble-based probabilistic prediction has already been adopted by the major 
forecasting centers of the region, but most of stake holders and the community in South 
Asia are not employing the interpretation of this technique for drought prediction. In this 
work, after the examination of rainfall trend in drought prone areas (southern region) of 
Pakistan, ensemble-based approach has been used to predict the drought events.  
Researchers have conducted a number of studies to examine the precipitation trends and 
variability for different regions of the world but quite a few papers are available for 
precipitation characteristics for arid regions of Pakistan and adjoining areas. Quite a few 
scientists studied the rainfall observation data of the study area and limited literature as a 
scientific evidence is available in the support of annual and seasonal changes in Pakistan. 
Most recently, Hanif et al.(2013) have discussed the rainfall changes in Pakistan. Treydte 
et al. (2006) have studied 20th century precipitation and detected increasing trend, caused 
by global climate change, over Pakistan. Guhathakurta and Rajeevan (2008) studied the 
monthly and seasonal rainfall over the sub-continent and detected increasing trends over 
some areas of north and west locations.  
It is very vital to examine the changes and trend in the rainfall for a country like Pakistan 
whose economy is heavily dependent on agricultural production and 61% of area exhibit 
arid climate. Crop failure, due to deficient or excess monsoon rainfall becomes highly 
critical to the country. Wheat is the staple food of the people in Pakistan, and the farmers 
typically rely on wheat as their main crop for subsistence. Therefore, it is important to 
monitor closely the rainfall variations across the country on annual and seasonal time 
scales. Pakistan receives more than 75% of the mean monsoon seasonal rainfall during 
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July and August which are the peak rainy months of the monsoon season. The variations 
of the monsoon rainfall over Pakistan have been studied using the rainfall data for the 
years 1951-2010. The purpose is to understand and identify the most vulnerable areas to 
droughts, and then it may be easy to highlight the significance of seasonal forecasting and 
also to highlight the vulnerable areas for mitigation strategies in rapidly changing 
climate. Rainfall is highly an unpredictable phenomenon, and the changing trends in the 
climate of Pakistan are making the monsoons more unpredictable. The monsoon rainfall 
is inherently unpredictable (Kulkarni et al., 2006). The prediction of excess and deficient 
monsoon rainfall in southern Pakistan; a region of high rainfall variability, is still a big 
challenge.  The present work is the first attempt to predict the deficient seasonal rainfall 
in southern Pakistan by ensemble-based probabilistic technique. 
5.2  El Niño Southern Oscillation (ENSO) 
The science of seasonal forecasting has improved after the realization that the El Niño 
Southern Oscillation (ENSO) phenomenon offers potential global seasonal predictability 
(Fletcher, 2011). Briefly, ENSO is a major driver of the world climate, which can affect 
seasonal climate not only in the tropics, but also in several other regions around the 
globe. Although ENSO originates and develops mainly in the tropical Pacific, the remote 
impacts of ENSO are felt outside the tropical Pacific Ocean (Trenberth et al., 1998). The 
development of a mechanistic understanding of ENSO, originating in seminal studies by 
Bjerknes (1966) and Wyrtki (1985) on atmospheric and oceanic components of the 
system respectively, was a major effort in the prediction of El Nino events. This was 
particularly the case in the years following the major El Nino event of 1982-83 (e.g. Cane 
et al., 1986; Sharmila et al., 2013). Importantly, this is recognized by the seasonal 
forecasting community, where the process of operational forecasting has moved from 
being purely an academic exercise to one with the requirements of the user-community 
very much in mind (Goddard et al., 2006).  Seasonal climate variability due to La Niña 
and El Niño conditions is an evidence of strong atmosphere-ocean coupling in the 
tropical region as described in several studies (Neena 2011). The seasonal forecasts based 
on SST patterns in the tropics are found to be most successful (Goddard et al., 2001).  
The prediction of ENSO cycle by CGCMs to some extent was an important advancement 
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in the field of seasonal forecasting. Luo et al. (2008) applied a fully coupled global 
ocean–atmosphere general circulation model assimilating only sea surface temperature 
and found that the El Niño–Southern Oscillation event can be predicted in advance.  
Since ENSO is the most highly recognizable physical phenomena affecting global 
seasonal climate, therefore, most of the numerical models seasonal forecasts are based on 
ENSO outlook (Wallace et al., 1998). After the realization that ENSO is a main source of 
long-range seasonal predictability, a considerable effort is devoted to the development 
and improvement of coupled atmosphere-ocean general circulation models.  
5.3   Probabilistic Forecasts 
The application of statistical tools to develop probabilistic forecasts has emerged during 
the recent past (Palmer et al., 2004). The probabilistic forecasts provide additional 
information to end users that are not normally contained in the deterministic forecasts. 
Probabilistic forecasts provide estimates of the probability that the seasonal mean will be 
above, near or below normal the predicted value. For each category, the probability is 
obtained by first computing the departures from normal for each ensemble member and 
then applying a calibration procedure, similar to that described in Kharin and Zwiers 
(2003), to these values. Ensemble prediction system (EPS) constitutes one of the most 
promising avenues in the field of seasonal climate forecasting, and this technique was 
developed to overcome the problem of deterministic weather forecasting in the face of 
uncertainty and chaos (Ehrendorfer, 1997;  Demeritt et al., 2007). Probabilistic forecasts 
can be generated from a Multi-Model Ensemble Prediction System. An ensemble is a set 
of forecasts, and each forecast in the ensemble is referred to as a member (Palmer et al., 
2002). An ensemble forecast is made up of several members, and each ensemble member 
may have its own initial conditions, or may have different governing physics than other 
members from the same numerical model (Hamm, 2008; Manousos, 2004). The 
traditional way of producing an ensemble is to run the model with different initial 
conditions.  
Probabilistic forecast provides probability of the occurrence or non-occurrence of an 
event or a set of fully-inclusive events. Probabilistic forecast is more reliable because the 
future state of a complex climate cannot be predicted with certainty, and probabilistic 
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forecasts are essential for quantitative assessment of risk (Troccoli et al., 2008). 
Deterministic forecasts can be communicated easily and briefly to the users (AMS, 
2008), and in case of probabilistic forecasts more information needs to be communicated 
to the users to make their own optimal decision. Probabilistic forecasts provide additional 
information like estimates of the probability that the seasonal mean will be above, near or 
below normal. In other words, probabilistic forecasts are usually issued in the form of 
three categories (above-/near-/below-normal), and the number of categories may be 
increased according to the forecasts requirement. Probabilistic forecasts have higher 
economic value in a wide range of applications including weather-related risk, power 
generation, and disease modeling (Palmer et al., 2002). Richardson (2000) suggested that 
probabilistic forecast derived from an ensemble prediction system is of greater value than 
a deterministic forecast produced by the same model. Operationally, probabilistic 
forecasts are based on ensemble methods and have become an integral part of seasonal 
predictions (Gneiting and Raftery, 2005). 
5.4 Multi Model Ensemble Techniques 
A statistically combined forecast of different independent dynamical predictions is called 
multi-model ensemble forecasting technique. Multi-model ensemble forecasting 
technique is widely used in the field of climate prediction (Barnston et al., 2003). The use 
of the multi-model ensemble method has become an important tool to produce detailed 
and reliable seasonal forecasts. Ensemble prediction systems (EPS) are the most widely 
used methods for assessing the uncertainties inherent to the meteorological forecasting at 
different time scales (Gneiting and Raftery, 2007). Ensemble prediction systems are 
being used in some main meteorological institutions for operational seasonal forecasting 
based on coupled atmosphere-ocean general circulation models. Some examples are the 
EUROSIP system of ECMWF funded by European Union for operational real-time 
implementation of DEMETER project results. The output of three state of the art models 
employed in EUROSIP is used in this study to predict the drought events in Pakistan. The 
main verification data set used in this system is ERA-40, which is used as forcing for the 
ocean analyses and as atmospheric and land-surface initial conditions. For the three 
models, ERA-40 reanalysis data is used to initialize the atmosphere and land-surface.   
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5.5 Verification of probabilistic Forecasts 
The Relative Operating Characteristic (ROC) curve is a measure of the likelihood that the 
probability forecasts for an event are greater for the occurrences than for the non-
occurrences of an event. ROC curve is plotted by the hit rate versus the false alarm rate. 
A good forecast has a high hit rate and a low false alarm rate. The curve travels from 
bottom left to top left of the diagram, then across to the top right of diagram. A good 
ROC is indicated by a curve that goes close to the upper left corner representing low false 
alarm rate and high probability of detection of the event. The diagonal line (45º) is a 
reference ROC for a no-skill forecast with equal hits and false alarms. The first way to 
quantify the significance of ROC is to calculate the area under the ROC curve (Green and 
Swets, 1966). The area is the fraction of the unit square below the ROC curve that can be 
calculated by summing the area below the points on the curve using the trapezium rule 
(Jolliffe and Stephenson, 2003). The diagonal line represents no skill, where hit rate is 
equal to false rate.  
5.6    Drought Predictability for arid region 
This study examines the changes and trends in annual and seasonal monsoon rainfall over 
southern Pakistan and evaluates GCMs output under EUROSIP project for drought 
predictability for arid regions of Pakistan using ROC method of forecast verification. Due 
to great topographic contrasts, monsoon rainfall over Pakistan has large spatial 
variability. Topographical features in Pakistan influence the climate in many ways - high 
mountain ranges in the north and west regions act as a barrier for monsoon currents. Due 
to these mountain barriers, the monsoon current cannot reach to the extreme northern and 
western areas of Pakistan, and such, these areas normally remain dry or receive a very 
small fraction of total monsoon rainfall. The southern provinces of Pakistan mainly 
receive monsoon rainfall that too is not sufficient and climate of the region is mainly arid 
to hyper arid. The study area (southern provinces of Pakistan) located between 24-29°N 
and 62-71°N is hot and arid, the area weighted average monsoon rainfall is 58.6 mm. 
Changes in rainfall make the region highly vulnerable to droughts. The rainfall changes 
and monsoon rainfall predictions are examined over the study area, shown in Figure 1. 
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5.7    Data and Methodology 
The observational data of monthly and seasonal rainfall of 21 stations of southern 
Pakistan for the period 1951-2010 was selected from the extensive data set archived at 
the Climate Data Processing Centre (CDPC) of PMD for this study. The selected 21 
stations datasets are based on the available length of data and the geographical location of 
station. The rain-gauge stations, used for rainfall analysis in this study, are almost 
uniformly spaced (Figure 1). Area weighted annual and seasonal rainfall measured in 
millimeters, has been examined. Tercile analysis is an excellent tool for investigating the 
characteristics of three categories (wet, normal and dry) in a large data set of rainfall. All 
the rainfall amounts of annual and monsoon season for the considered period are split 
into three equal groups: the upper tercile having the largest amounts, the middle tercile 
having the middle amounts and the lower tercile having the smallest amounts. In this 
study, middle and lower terciles for near normal and dry events in 60 years annual and 
seasonal rainfall are examined by scattered plots. 
  
The time series of annual and seasonal rainfall are plotted to investigate the changes and 
trends in the rainfall data. The main goal of the time series analysis is to identify the 
nature of the annual and monsoon rainfall represented by the sequence of observations. 
By analyzing the time series of the long historical rainfall data for a season, it is possible 
to understand that what has happened in the past. The magnitude of observed variations 
in the data sets has been estimated by trend lines. A trend is defined as the slope of a line 
that has been least-squares fitted to the data series. A trend line is most reliable when its 
R-squared value is close to 1 (Golberg and Cho, 2004; Weisberg, 2005). For graphical 
and statistical analysis of considered rainfall data, EXCEL, SPSS, Minitab, and ARC GIS 
9.1 software have been used in this study. 
  
In this work, three state-of-the-art global coupled ocean-atmosphere models are used in 
the EUROSIP system to produce a series of multi-model ensemble hindcasts of common 
climate variables (Palmer et al., 2004). The EUROSIP prediction system comprises of the 
global coupled ocean–atmosphere models of three institutions namely Meteo-France, 
ECMWF and UKMO. For the prediction of seasonal rainfall (monsoon), the hindcasts 
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available at the website of ECMWF for these three models (ECMWF, MeteoFrance, 
UKMO) have been used and validated against observational data of PMD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Winter and Monsoon dominated southern Provinces, 
Balochistan and Sindh. 
  
Winter Dominated Monsoon Dominated 
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Two categories; below the median (BM) and lower tercile (LT) were examined with a 
major focus on lower tercile (LT) category for the prediction of deficient seasonal rainfall 
(droughts). The seasonal forecast is verified by ROC skill score (area under the ROC 
Curve). In order to assess seasonal dependence on skill, the hindcasts have been started 
from May, August, November and February initial conditions, and each hindcast has 
been integrated for 6 months (Palmer et al., 2004). In this study, the hindcasts of three 
models starting in May and November have been used to develop ensemble and examine 
the seasonal predictability of monsoon and winter rainfall for southern Pakistan 
respectively. The hindcasts starting in May are used to examine the ‘monsoon’ season 
(June-September) with different lead times and seasonal windows. For monsoon season, 
one-month lead time forecasts for three months window (i.e., May 2-4 indicating ‘June-
August’ season) and for four months window (i.e., May 2-5 indicating ‘June-September’ 
season) have been assessed. The two-month lead time forecast for three month window 
(i.e., May 3-5 indicating ‘July-September’ season) has also been assessed. The multi-
model ensembles for different lead times have been composed by extracting the hindcasts 
from the public data server of ‘Climate Explorer’ at KNMI and ECMWF. A brief 
specification of coupled GCMs used in the EUROSIP project is available at ECMWF 
website and is described below. 
5.7.1 ECMWF (SCWF) 
The atmospheric general circulation model named IFS and the ocean general circulation 
model named HOPE are coupled GCMs used at ECMWF. The models exchange fields 
once per day. The atmosphere is being driven with SST and sea-ice, and the ocean is 
being driven with heat, momentum and moisture fluxes. The ECMWF (SCWF) follows 
the Palmer et al. (2004) procedure to generate the ocean analyses with their ocean model. 
The IFS-AGCM (23r4) and HOPE-GOCM has 40 and 29 vertical levels respectively. 
Prescribed atmospheric fluxes from ERA-40 force the ocean model to generate ocean 
initial conditions. The coupled GCM (SCWF) is integrated over the period of 1958-2001. 
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5.7.2 Météo-France (CNRM) 
The coupled model is composed of ARPEGE atmospheric GCM and OPA8.1 oceanic 
GCM, and it has 31 vertical levels. The forced OPA integrations have been started at the 
beginning of each ERA-40 stream ( January 1958, January 1973, October 1986 ) from the 
same climatological oceanic state (w.w.w.ecmwf.int/research/era). This climatological 
state is obtained from an 8-year spin-up starting at rest and using ERA-15 monthly mean 
surface fluxes. The coupled GCM (SCWF) has been integrated over a period of 1958-
2001. 
5.7.3 UK-Met Office (UKMO) 
The coupled Global Climate Model used by the UK-Met Office is based on the HadCM3 
climate model (Gordon et al., 2000). The atmospheric component (HadAM3) has 19 
levels in the vertical. The ocean component has 40 vertical levels. The UK-Met Office 
followed the standard procedure described by Palmer et al.(2004). 
The study consists of probabilistic forecasts of rainfall considering the two categories 
(below the median and lower-tercile). The probabilistic forecasts have been validated 
against observational data of Pakistan Meteorological Department (PMD). 
5.8    Results and Discussion 
The study area (southern Pakistan) receives over 28% of the country total monsoon rains 
during the season. Descriptive statistics for monthly and seasonal rainfall (area weighted) 
data is given in Table 5.1. Monthly rainfall data indicate that July and August are the 
wettest months of the monsoon season in southern Pakistan. The area weighted monsoon 
rainfall depicts high rainfall variability across arid regions of Pakistan (Chaudhry, 2009). 
The time series for annual (Figure 2) and monsoon (Figure 3) rainfall have been plotted 
to examine the trends of rainfall in southern Pakistan during 1951 to 2010. The trend 
lines are depicting downward trend of annual and seasonal rainfall in the data sets. To 
examine the frequency of dry years and seasons in the rainfall data (1951-2010) of 
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southern Pakistan, the lower terciles for annual and seasonal (monsoon) rainfall are 
plotted in Figure 4 and Figure 5 respectively. The plots indicate that the lower terciles in 
annual and seasonal data sets are increasing with time. The analysis depicts high spatial 
and temporal rainfall variability, making the region highly vulnerable to drought. 
5.8.1 Monthly and Seasonal rainfall over southern Pakistan  
The study area (southern Pakistan) receives over 28% of the total monsoon rains during 
the season. Descriptive statistics for monthly and seasonal rainfall (area weighted) data is 
given in Table 5.1. Monthly rainfall data indicate that July and August are the wettest 
months of the monsoon season in southern Pakistan. The seasonal area weighted average 
rainfall for this region is 58.6 mm, and the standard deviation is 30.3 mm, indicating that 
monsoon rainfall variability is high in this area. The time series for annual rainfall 
(Figure 5.2) and monsoon rainfall (Figure 5.3) have been plotted to examine the trends of 
rainfall in southern Pakistan during 1951 to 2010. The trend lines are showed downward 
trend of annual and seasonal rainfall in the data sets.  
Table 5.1 Area weighted rainfall of southern Pakistan during 1951-2010. 
S.No. Statistics: monsoon 
rainfall (mm) 
June July August September JJAS 
1 Mean 4.8 26.0 19.8 7.9 58.6 
2 Median 3.3 21.0 15.6 3.2 52.9 
3 Std. Deviation 4.4 17.0 13.6 9.9 30.3 
4 Skewness 1.58 1.39 0.88 1.95 1.02 
5 Minimum 0.4 1.3 2.7 0.0 17.6 
6 Maximum 18.6 79.3 53.7 43.7 160.8 
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Figure.5.2 Annual rainfall in southern Pakistan (1951-2010) 
 
 
Figure.5.3 Seasonal (monsoon) rainfall in southern Pakistan (1951-2010) 
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Figure.5.4 Lower Terciles (LT) in annual rainfall in southern Pakistan (1951-2010). 
 
 
Figure. 5.5 Lower Terciles (LT) during monsoon rainfall over southern 
Pakistan (1951-2010). 
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To examine the frequency of dry years and seasons in the rainfall data (1951-2010) of 
southern Pakistan, the lower terciles for annual and seasonal (monsoon) rainfall are 
plotted in Figures 5.4 and 5.5 respectively. The figures indicate that the lower terciles in 
annual and seasonal data sets are increasing with time. The analysis describes high spatial 
and temporal rainfall variability, making the region highly vulnerable to drought. 
5.8.2 Seasonal rainfall and droughts prediction for southern Pakistan 
The fully coupled GCMs used in the EUROSIP project (Meteo-France, ECMWF and 
UKMO) are tried-and-tested models, and no poor model exists in this project (Hagedorn 
et al., 2005). Hence, each model within the EUROSIP project is quite sensitive towards 
changes in atmospheric heat budget and able to simulate precipitation skillfully in 
changing atmospheric conditions. The three models outputs and the verification results of 
these models with observation and ERA-40 are presented and discussed here. 
The EUROSIP database is tested for seasonal rainfall predictability over southern 
Pakistan. This region is part of the tropics and receives only 28% of country total 
monsoon rainfall. Due to high seasonal rainfall variability, the prediction of seasonal 
(monsoon and winter) rainfall is a challenging task for this region. Monsoon rainfall over 
this region of Pakistan is highly associated with Indian monsoon rainfall variability and 
the winter rain is associated with mid-latitudinal weather systems developing over 
Atlantic region. The EUROSIP forecasts starting in May and November have been 
evaluated using the ROC verification methods. The seasonal forecasts of May (2-5) and 
November (2-5) have been examined for two categories of seasonal rainfall: below the 
median (BM) and lower-tercile (LT) categories. BM category is used to predict the below 
normal rainfall, while the LT is used to predict the deficient (largely below normal) 
rainfall resulting drought in the considered study area. 
The computed ROC areas for May (2-5) and Nov (2-5) forecasts, validated against 
observations and ERA-40 data, are shown in Table 1. The calculated ROC curves for 
May (2-5) and Nov (2-5) forecasts based on hindcasts of three models used within 
EUROSIP are displayed in Figure 6 and Figure 7 respectively. 
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The calculated ROC areas against observations reveal that in May forecasts, BM events 
are found marginally skilful, and LT events are found skilful. For BM forecasts, the 
computed BSS in May (2-5) forecasts is 0.050, which itself is skilful ((For BSS > 0.0 
skilful), but its lower 95% confidence limits (-0.029 and -0.034) is unskillful. It is 
consistent to some level with the corresponding ROC areas. For LT forecast, the 
computed BSS in May (2-5) forecast is skilful (BSS = 0.115 with lower 95% confidence 
limit 0f 0.002), which is supporting the corresponding ROC area (ROC area = 0.732 with 
lower limit of 0.588). The overall comparison of ROC and BSS values reveal that the 
ensemble forecasts starting in May for BM and LT events can be simulated with some 
success. The ROC areas and BSS were also calculated for ERA-40, which indicate 
marginal results. The ROC areas for each event of all May forecasts over southern 
Pakistan are plotted in Figure 6 for visual examination of ensemble forecasts performance 
of the three models. In Table 3, the comparison of ROC areas for both categories 
validated against observations and ERA-40 shows that the ensemble forecasts produced 
by three models used in EUROSIP have a capability to simulate BM and LT events of 
monsoon season over southern Pakistan.  
.  
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Table 5.2: ROC areas validated against observations and ERA-40: a) May forecasts 
(JJAS), b) Nov forecasts (DJFM). The range of values in brackets 
represents 95% CI calculated by cross validation. 
 
 
Forecast 
(months) 
 
ROC Area against Observations 
BM 
95% CI 
LT 
95% CI 
May (2-5) 
JJAS 
0.645 
(0.524 - 0.766) 
0.732 
(0.588 - 0.876) 
ROC Area against ERA-40 
0.628 
(0.528 - 0.728) 
0.629 
(0.522 - 0.735) 
 
 
 
Forecast 
(months) 
ROC Area against Observations 
BM 
95% CI 
LT 
95% CI 
Nov (2-5) 
DJFM 
0.690 
(0.529 - 0.852) 
0.725 
(0.514 - 0.876) 
ROC Area against ERA-40 
0.610 
(0.511 - 0.708) 
0.665 
(0.551 - 0.779) 
 
 
a) 
b) 
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5.9   Summary 
The analysis of area weighted annual and monsoon season rainfall averaged over 
southern arid region of Pakistan has established that lower terciles (i.e., the events of 
deficient rainfall) are increasing with the passage of time.  The seasonal area weighted 
average rainfall for this region is 58.6mm and the S.D is 30.3mm, depicting that monsoon 
rainfall variability is quite high.  The annual and seasonal rainfall in the region has 
depicted negative trend with increased frequency of lower terciles, making the region 
highly vulnerable to droughts. The decreasing trend of annual and monsoon season 
rainfall in southern Pakistan, already vulnerable to drought events, is alarming, and there 
is need to develop further projects to avert the emergence of desertification in the study 
area. 
The performance of coupled models under the EUROSIP project has been assessed for 
seasonal prediction over southern Pakistan. The multi-model ensembles have been 
investigated for the prediction of two categories; below the median (BM) and lower-
tercile (dry-season). Forecasts performance has been evaluated by employing ROC 
verification method and areas under the curve are also verified through cross validation. 
The results for deficient monsoon rainfall predictability using the EUROSIP multi-model 
ensemble system have established that the system reveals good skill for LT forecasts over 
southern Pakistan (skill > 0.7). Cross validation depicts that even lower bound is also 
greater than 0.5 highlighting that the good skill for forecast verification is not “by 
chance”, and ensemble of the three climate models comprising ECMWF, Météo-France, 
and UKMO are sensitive enough towards precipitation formation mechanism and able to 
predict dry episodes of climate over drought prone areas of Pakistan. As such, the output 
can meaningfully be used by the decision makers to avert the seasonal droughts in 
advance.  
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Figure 5.6 ROC-Curves of May (2-5) forecasts, validated against observations 
(blue) and ERA-40 (red): a) for BM category, b) for LT category. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
-0.01 0.19 0.39 0.59 0.79 0.99
FAR
H
R
 
(ROC area=0.645)
(ROC area=0.628)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
-0.01 0.19 0.39 0.59 0.79 0.99
FAR
H
R
 
(ROC area=0.732)
(ROC area=0.629)
a) 
b) 
96 
 
 
 
Figure: 5.7  ROC-Curves of Nov (2-5) forecasts, validated against observations 
(blue) and ERA-40 (red): a) for BM category, b) for LT category. 
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Chapter 6 
Conclusions and Recommendations 
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6.1 Conclusions 
On the basis of the data collected from various sources and its analysis, the following 
conclusions are drawn: 
1. Meteorologically, drought onset is linked to the deficit in precipitation. It is the 
result of interplay between a natural event and the demand placed on available 
water resource by human-use systems. Droughts are also of serious concern 
because they normally develop gradually, meaning that their potential to cause 
harm is often ignored, and can last many years. Several indices have been 
developed to use them as drought monitoring mechanism tool. These indices are 
used to measure the intensity of various types of droughts. REDIM is an effective 
tool that employs Run Method as well as SPI index for characterization as well as 
computing intensity and spatial coverage of drought episodes with limited dataset. 
Therefore, REDIM is more robust for effective monitoring of drought in the 
developing world like South Asia. 
2. Analysis of 110 years data depicts that climate change has caused no significant 
impact in the quantity of monsoonal rainfall in the region as a whole. However, 
the impact of climate change is evident at spatial and temporal scale. Significant 
variability of monsoon rainfall has been observed during early and late stages of 
the monsoon season with much over western edge comprising Pakistan as 
compared to the eastern parts of South Asia. Decadal average monsoon rainfall 
analysis depicts significant (99 %) increasing trend during 1901-1950. Afterward, 
significant decreasing trends (95%) are found in the data sets of 1951-2010 and 
1981-2010 for South Asia as a whole. 
3. The correlation between monsoon rainfall and solar index exhibits that seasonal 
abnormality increases during steady periods of solar activity and vice versa. The 
most noticeable change has taken place after 1951 when the variability has 
sharply increased. Hence, there is more likelihood for the occurrence of drought 
events across South Asia during the steady periods of solar activity (Figure 2.7a).  
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4. Singular Value Decomposition (SVD) analysis depicts that monsoon rainfall over 
drought vulnerable areas of west South Asia is highly correlated with rainfall 
activity over monsoon trough located at central India whereas rainfall over eastern 
Himalaya region is negatively correlated.  
5. Analysis of observed rainfall over central India with GPCC rainfall over the 
region also depicts strong correlation (> 0.7) for arid regions indicating that 
factors controlling rainfall activity along monsoon trough also influences rainfall 
characteristics over drought prone areas of Pakistan and adjoining India.  
6. The analysis of country level precipitation depicts that except for Pakistan, 
precipitation is exhibiting decreasing trend over Sri Lanka, India and Nepal. 
However the change is not statistically significant. 
7. Indian Ocean Dipole significantly affects the rainfall activity over South Asia. 
Positive IOD phase suppress rainfall along eastern Himalaya region. During 
negative IOD phase, northwest India and Kashmir region receive significantly 
above rainfall but Bangladesh and Assam (eastern India) observe well below 
normal rainfall that may lead to drought over these regions. When IOD negative 
phase persists for longer duration and continue into next year, it weakens 
monsoon currents resulting suppress rainfall activity over western India and most 
parts of Pakistan leading to drought (Figure 3.1). 
8. Through atmosphere-Ocean interaction, negative phase of Pacific Decadal 
Oscillation (PDO) weakens jet stream in the west of South Asia thereby reducing 
convective precipitation contribution in the region. On the contrary, in the 
positive PDO phase, monsoon trough become weak and the Bay low remains 
concentrated over Bangladesh and do not migrate west-northwest to yield rainfall 
over central India and Pakistan. When PDO positive phase persist up to next 
monsoon (1992-93), its impacts become more evident and most parts of central 
India comes under severe drought. However, during positive PDO phase, most 
parts of Pakistan are not affected because the westerly jet continue to affect upper 
parts of country and interaction of relatively warm moist currents from Arabian 
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Sea and westerly waves yield convective precipitation thereby producing a 
mitigating affect to weak monsoon in the region. 
9. During the past 60 years, frequency of negative episodes (< -1 SD) of PDO and 
SOI have significantly increased. Observed negative phases are twice as 
compared to positive phases since 1950. Whenever, the two indices are in 
opposite phase (1997, 2010), it resulted in extreme precipitation episodes over 
northwest domain of South Asia comprising northern India and Pakistan causing 
severe flooding over the region. On the contrary, negative episodes of IOD have 
decreased compared to positive episodes during last 52 years.  
10. Analysis depicts that when IOD is in opposite phase to SOI (1987), monsoon 
rainfall has suppressed leading to drought over western parts of South Asia 
including Pakistan. Study of the impact of various indices on case to case basis 
depicts that negative phase of SOI and positive phase of IOD significantly 
contribute in suppressing monsoon rainfall activity over South Asia that lead to 
drought events in the region. Scrutiny of seasonal variability during 1999-2001 
extreme droughts depicts that the horizontal wind component is strengthened over 
Arabian Peninsula and extends up to northwest India, injecting warm dry air from 
Arabian Peninsula into the region and also blocks the influence of western 
disturbances that injects relatively cool air into the western Himalaya region and 
main source of convective precipitation. In such situation, most parts of Pakistan 
and adjoining India receive well below normal rainfall leading to severe drought 
over arid and semi arid regions. 
11. Observed data has been used to develop drought climatology at local and sub-
regional scale by applying Regional Drought Identification Model (REDIM). It is 
found that REDIM provides detailed information about the emergence and 
receding of drought. REDIM helps to calculate the regional coverage, intensity, 
cumulative deficit of rainfall and duration which can in turn be used to design 
mitigation measures. It is also concluded that satellite derived OLR data has 
inverse correlation with SPI with a time-lag of more than one month. As such 
OLR data can beneficially be used for timely declaration of drought episode. 
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12. Area weighted annual and seasonal rainfall averaged over southern Pakistan has 
established that lower terciles are increasing with time.  The seasonal area 
weighted average rainfall for this region is 58.6 mm, and SD is 30.3 mm, 
indicating that monsoon rainfall variability in the region is high.  The annual and 
seasonal rainfall in the region has depicted negative trend with increased 
frequency of lower terciles, making the region highly vulnerable to droughts.  
13. Finally, the performance of coupled models under the EUROSIP project has been 
assessed for drought prediction over southern Pakistan. The multi-model 
ensembles have been investigated for the prediction of two categories; below the 
median (BM) and lower-tercile (dry-season). Forecasts performance has been 
evaluated by employing ROC verification method and areas under the curve are 
also verified through cross validation. The results for deficient monsoon rainfall 
predictability using the EUROSIP multi-model ensemble system have established 
that the system reveals good skill for LT forecasts over southern Pakistan (skill > 
0.7). Cross validation depicts that even lower bound is also greater than 0.5 
highlighting that the good skill for forecast verification is not “by chance”, and 
ensembles of the three climate models comprising ECMWF, Météo-France, and 
UKMO are sensitive enough towards precipitation formation mechanism and able 
to predict dry episodes of climate over drought prone areas of Pakistan. As such, 
the output can meaningfully be used by the decision makers to avert the seasonal 
droughts in advance.  
It is, therefore, concluded that the drought hazard is a serious threat for communities 
living in arid regions of South Asia. The meteorological data can effectively be used to 
monitor the severity and spatial extent of drought. Moreover, remote sensing data and 
ensemble-based numerical climate prediction models outputs can meaningfully be 
applied for timely early warnings for drought hazard over arid regions of Pakistan. 
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6.2 Recommendations 
Drought is a creeping hazard and the analysis of monsoon rainfall data reveals significant 
negative trend on decadal scale during 2nd half of 20th century and early part of 21st 
century. The negative signals in rainfall data stress the need for multi-sectoral approach 
to address natural hazards like droughts whose occurrence is likely to be more frequent in 
coming future. Multi-sectoral data analysis would help to quantify the possible negative 
impacts of natural hazards and contribute in designing adaptation strategies for 
mitigation. 
In addition, global changes like land use and high population density are adding to the 
adverse effects of natural hazards. Therefore, new tools and technologies are required to 
be adopted for quantifying the impacts in proactive manner. New tools for generating 
observational datasets for soil moisture, evaporation rate, water flows etc on near real-
time basis and on-line validation techniques for extensive utilization of remote sensing 
data would help effective and timely warnings to agriculture and water sectors. 
Global data producing centers in Asia like China Meteorological Agency and Japan 
Meteorological Agency are also providing NWP based seasonal forecast outputs with 
global coverage. It is worthwhile to verify the output of these models with observational 
data sets using statistical techniques. When, various forecast systems would be generating 
similar forecast, chances of false alarms would be diminished As such, it would help 
timely issuing of early warnings for a natural hazard in more confident and precise 
manner. 
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Appendix A 
 
Comparison between Observed and GPCC Data 
 
Global Precipitation Climatology Centre (GPCC) data is used in the study for examining 
trends and characteristics of south Asia monsoon rainfall. In order to evaluate the 
relationship between observed and gridded GPCC rainfall data, temporal analysis with 
observational data at point location as well as at sub region basis is carried out. It 
depicted high correlation with a coefficient of 0.967 for Sindh region. Therefore, it has 
been considered that gridded precipitation data by GPCC is almost the same as 
observational data and can effectively be used for analysis. 
 
Table 1 Annual Rainfall for Meteorological Observatory Hyderabad (Pakistan) 
and GPCC extracted point data for 1951-2012  
YEARS Station Rainfall (mm) GPCC Rainfall (mm) 
1951  99  95  
1952  122  142  
1953  187  227  
1954  181  195  
1955  268  234  
1956  408  418  
1957  87  118  
1958  155  173  
1959  395  430  
1960  77  96  
1961  444  450  
1962  209  228  
1963  98  116  
1964  233  231  
1965  90  107  
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1966  63  75  
1967  390  399  
1968  30  36  
1969  25  35  
1970  323  351  
1971  76  96  
1972  53  63  
1973  112  144  
1974  14  30  
1975  185  190  
1976  288  320  
1977  236  280  
1978  365  370  
1979  242  266  
1980  100  106  
1981  215  213  
1982  137  149  
1983  260  288  
1984  217  239  
1985  156  168  
1986  122  129  
1987  39  35  
1988  222  258  
1989  210  238  
1990  238  251  
1991  29  46  
1992  349  353  
1993  99  117  
1994  550  551  
1995  187  191  
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1996  72  91  
1997  157  171  
1998  158  171  
1999  100  126  
2000  58  77  
2001  98  125  
2002  21  33  
2003  369  362  
2004  99  122  
2005  70  93  
2006  357  384  
2007  245  264  
2008  145  170  
2009  182  184  
2010  313  332  
2011  469  461  
2012  234  216  
 
Table 2 Correlation between observed and GPCC gridded data at point location as 
well as for Sindh region for the period 1951-2012  
Station Name 
Correlation 
Coefficient GPCC Ave  OBS Ave 
Badin 0.980  224  232  
Chhor 0.961  268  228  
Hyderabad 0.987  183  183  
Jacobabad 0.920  130  118  
Karachi 0.980  211  212  
Rohri 0.961  110  103  
Sindh Average 0.967  183  177  
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Figure A-1: Comparison of rainfall (mm) for Meteorological Observatory Hyderabad 
(Pakistan) and GPCC extracted point data for 1951-2012  
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Appendix B 
Singular Value Decomposition (SVD) and Climate Indices 
 
Singular value decomposition (SVD) is widely-used multivariate statistical 
technique employed in the atmospheric sciences. The purpose of SVD analysis is to 
reduce a dataset containing a large number of values to a dataset containing significantly 
fewer values, but which still contains a large fraction of the variability present in the 
original data. In the atmospheric sciences, data normally exhibit large spatial correlations. 
SVD analysis results in a more compact representation of these correlations, and can 
provide insight into spatial and temporal variability exhibited in the fields of data being 
analyzed. In this study, SVD is used to analyze variability of rainfall over south Asia. 
Few codes developed for the purpose are presented here. 
http://iridl.ldeo.columbia.edu/expert/SOURCES/.WCRP/.GCOS/.GPCC/.FDP/.version6/.0p5/.prcp
/yearly-anomalies/Y/%285N%29%2840N%29RANGEEDGES/X/%2860E%29%28100 
E%29RANGEEDGES/Y/5/0.1/40/GRID/X/60/0.1/100/GRID/T/%28Jan%201951%29%28dec%2020
10%29RANGEEDGES/T/%28jul-sep%29seasonalAverage/SOURCES/.WCRP/ 
.GCOS/.GPCC/.Monitoring/.M ONTHLY/.version4/.1p0/.prcp/yearly-
anomalies/Y/%285N%29%2840N%29RANGEEDGES/X/%2860E%29%28100E%29RANGEEDGES/ 
Y/5/0.1/40/GRID/X/60/0.1/100/GRID/T/%281951%29+%281953%29+%281957%29+%281963%
29+%281965%29+%281968%29+%281969%29+%281972%29+%281982%29+%281987%29+%28
1997%29+%282002%29+%282004%29+%282009%29+VALUES/T/%28jul-
sep%29seasonalAverage/appendstream/ %7BY/cosd%7D%5BX/Y%5D%5BT%5Dsvd/ 
 
http://iridl.ldeo.columbia.edu/SOURCES/a:/.WCRP/.GCOS/.GPCC/.Monitoring/.MONTHLY/.versi
on4/.1p0/.prcp/yearly-anomalies/Y/%285N%29%2840N%29RANGEEDGES/X/ 
%2860E%29%28100E%29RANGEED GES/Y/5/0.1/40/GRID/X/60/0.1/100/ 
GRID/T/%281951%29%282010%29RANGEEDGES/T/%28jul-sep%290.0/seasonal 
Average/%7BY/cosd%7D%5BX/Y %5D%5BT%5Dsvd/.Ts/:a:/. NOAA/.NCDC/.ERSST/.version3b/ 
.anom/Y/%285S%29%285N%29RANGEEDGES/X/%28170W%29%2890W%29RANGEEDGES/Y/-
5/0.1/5/GRID/X/190/0.1/270/ GRID/T/%281951%29%282010%29RANGEEDGES/T/%28jul-
sep%290.0/seasonalAverage/%7BY/ cosd%7D%5BX/Y%5D%5BT%5Ds 
vd/.Ts/:a/%5BT%5D0/correlate/figviewer.html?map.url=dup+ev+fig-+colorbars2+-fig 
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Computing SOI 
 
Note the anomalies are departures from the 1951-1980 base period. 
Standard Deviation Tahiti = SQRT( ∑ (P) / N )  
where ∑ (P) is the sum of all ((TAn)**2)  
and TAn is Tahiti anomaly = (actual(SLP) - mean(SLP))  
N - number of months  
Therefore, Standardized Tahiti = (Actual Tahiti (SLP) - Mean Tahiti (SLP)) 
                                                    Standard Deviation Tahiti  
Similarly,  
Standard Deviation Darwin = SQRT(∑ (P) / N )  
and  
∑(P)  is the sum of all ((DA)**2)  
DAn - Darwin anomaly = (actual(SLP) - mean(SLP))  
N - number of months  
 
So, Standardized Darwin = (Actual Darwin (SLP) - Mean Darwin (SLP)) 
                                                     Standard Deviation Darwin  
To compute the monthly standard deviation:  
Monthly Standard Deviation (MSD) = SQRT((∑ (An) / N) 
where (∑ (An)) is the sum of ((Standardized Tahiti - Standardized Darwin)**2) 
N - total number of summed months 
Therefore,  
SOI equation, finally becomes: SOI = (Standardized Tahiti - Standardized 
Darwin)/MSD 
  
http://www.cpc.noaa.gov/data/indices/Readme.index.shtml#SOICALC  
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Indian Ocean Dipole (IOD) 
The Indian Ocean Dipole (IOD) is defined as the difference in sea surface temperature 
between two areas or poles, hence termed as dipole;  a western pole in the Arabian Sea 
(western Indian Ocean) and an eastern pole in the eastern Indian Ocean south of 
Indonesia. The IOD affects the monsoon climate of South Asia and countries along 
Indian Ocean Basin. The warmer sea surface temperature 
Intensity of the IOD is represented by anomalous SST gradient between the western 
equatorial Indian Ocean (50E-70E and 10S-10N) and the south eastern equatorial Indian 
Ocean (90E-110E and 10S-0N). This gradient is named as Dipole Mode Index (DMI).  
 
Figure B-1. Map showing the location of western pole and eastern pole for IOD data 
collection represented by the two boxes. 
IOD Computation: 
To compute SST anomalies, 1970-2005 is taken as base period. 
Eastern Pole Index (WPI):  (actual(SST) - mean(SST))  
Western Pole Index(EPI):  (actual(SST) - mean(SST)) 
DMI = WPI-EPI 
When the DMI is positive, the phenomenon is refereed as the positive IOD. However, 
when it is negative, it is refereed as negative IOD. Since, IOD is a coupled ocean-
0 220 440 660 880
Kilometers
 
Western Pole Eastern Pole 
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atmosphere phenomenon it can also be represented by any other atmospheric (pressure, 
OLR) or oceanographic (sea surface height) parameter as well. 
http://www.jamstec.go.jp/frsgc/research/d1/iod/e/iod/dipole_mode_index.html  
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Appendix C 
 
Geospatial dataset for drought mitigation 
  
Drought affects all parts of our environment and communities. The many different 
drought impacts are often grouped as “economic,” “environmental,” and “social” 
impacts. All of these impacts must be considered in planning for and responding to 
drought conditions. The most vulnerable to drought episodes are communities and 
livestock. A geospatial data set has been developed using ArcGIS 9.1 tool and integrated 
with drought intensity analysis model REDIM. It enables to highlight the drought 
vulnerable areas and the likely population density to be affected by the drought. Since 
arid region of Pakistan comprising Sindh and Balochistan provinces is more vulnerable to 
drought, districtwise livestock and population data for these regions was collected from 
respective livestock departments and Statistics Division, Govt of Pakistan and is 
presented in Table C-1 and C-2 respectively. The maps of two provinces with district 
polygons are presented as  Figures C-1 and C-2 
 
The figures highlight the areas being affected by light to moderate drought in Sindh and 
Balochistan and number of population and livestock vulnerable to drought risk. Such 
integration of geo-spatial dataset with hydrometeorological hazards provide more 
meaningful information to Disaster Risk Management (DRM) authorities and help them 
to take preventive measures in pro-active manner. 
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Table 1  District-wise livestock and population data for Sindh 
 
  
District Name Longitude Latitude Population Livestock 
Badin 24.56 68.83 1136044 2256070 
Dadu 26.73 67.78 1688811 2825540 
Hyderabad 25.37 68.37 1565000 1045031 
Jacobabad 28.3 68.45 1425572 3019814 
Jamshoro 25.803 67.765 450000 770479 
Karachi 24.86 67 13215631 1763059 
Kashmore 28.26 69.35 662462 1232526 
Khairpur 27.53 68.75 1546587 3546697 
Larkana 27.56 68.22 1927066 2021031 
Matiari 25.6 68.44 515331 1119229 
Mirpur Khas 25.52 69.01 1569030 1554256 
Naushahro Feroze 26.84 68.12 1087571 2710415 
Nawabshah 26.25 68.41 1071533 2622770 
Kambar 27.85 67.91 1221283 2318157 
Sanghar 25.98 69.258 1453028 1966097 
Shikarpur 27.95 68.65 880438 2823437 
Sukkur 27.68 68.87 890438 1160799 
Tando Allahyar 25.45 68.7 908373 679165 
Tando Muhammad Khan 25.13 68.53 550000 1745549 
Tharparkar 24.75 69.8 447215 4857029 
Thatta 24.75 67.92 914291 2298503 
Umerkot 25.17 69.57 1113194 1196131 
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Table 2 District-wise livestock and population data for Balochistan 
Station Longitude Latitude Population Livestock 
Awaran 65.34 26.15 449890 118173 
Barkhan 69.60 29.89 723956 103545 
Bolan 67.73 29.13 955348 288056 
Chaghi 63.55 28.99 603729 202564 
Dera Bugti 68.99 28.92 1284896 181310 
Gawadar 62.60 25.36 140199 185498 
Jaffarabad 68.18 28.35 1131271 432817 
Jhal Magsi 67.51 28.39 514985 109941 
Kalat 66.50 29.01 2339405 237834 
Kharan 65.36 28.54 1416058 413204 
Khuzdar 66.51 27.45 2302266 206909 
Killa Abdullah 66.50 30.62 556743 417466 
Killa Saifullah 68.27 30.98 1924239 370269 
Kohlu 68.83 29.55 2113511 193553 
Lasbela 66.62 25.77 1344547 99846 
Loralai 68.79 30.28 1379968 312695 
Mastung 66.72 29.82 869306 297555 
Musakhel 69.85 30.82 1497929 164645 
Nasirabad 68.03 28.54 636724 134056 
Pangjur 64.18 26.68 293052 245894 
Pishin 67.12 30.83 1449668 234051 
Quetta 66.85 30.24 223579 367183 
Sibbi 68.00 29.60 497897 759941 
Turbat  63.07 25.98 640785 180398 
Zhob 69.21 31.44 1692996 275142 
Ziarat 67.46 30.45 190661 33340 
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Figure 1  Drought Monitor for Sindh depicting drought intensity, 
population and livestock density for May 2014  
Figure 2 Drought Monitor for Balochistan depicting drought intensity, 
population and livestock density for May 2014 
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